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ABSTRACT

Plans for testing optical components of various types of laser
commnication systems are presented, Materials are selected for test-
ing, and the requirements for both simulated and space flight testing
of these materials are presented. A series of communication theory
aﬁd communication system performance tests are recommended. Details
of these tests, required special test equipment, test procedures, and
data reduction techniques are explained, Standard test equipment, and
ways of implementing these tests are recommended. Predicted results of
tests are presented. A computer model to calculate power requirements
for deep space optical communications is presented and explained.
Sample test results for PPM, PL, and coherent modulation are given. A
range tracking system that is compatible with digital television, and
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has an unambiguous range of 100 X 10 miles, is developed. Predictions

of its performance during deep space missions are calculated.
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Section I

INTRODUCTION

This report presents the resulis of a continuation of Westinghouse®s
study of optical coommnications for deep space applications. Most of the
2,3,4

theoretical bases for this work are contained in the Interim Reports
and the Final Report1 on Phase I of Contract NAS 9-3650, performed by
Westinghouse for NASA from 1 October 1964 to 25 October 1965. Applicable
data from these reports are in Sections III through VI of this report.
Tests of optical materials and laser communication theory are recommended.
A computer program for calculating the optical power requirements for
deep space laser communications is presented and discussed. A ranging
system that is compatible with the proposed data format, and system
constraints and has a range in excess of 100 million miles, is presented.
The laser requirements for proper performance of this system during
midcourse tracking and at maximum range are calculated. A complete

bibliography of the references used in this work is in Section VII.

A. Purpose
This is the Final Technical Documentary Report on work performed

under a supplemental agreement to contract NAS 9-3650, performed under
the sponsorship of the National Aeronautics and Space Administrationts
Manned Spacecraft Center. The period of work covered by this report is
from 12 August 1966 to 12 March 1967.

The study provides a program for material testing and testing the
theory of laser communications that should be implemented in order to

prove the space worthiness and effectiveness of optical communications
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for deep space flight. It recommends a ranging system that can be
used in conjunction with deep space probes that use data formats
similar to the one proposed for laser commmications in the final
reportl on NAS 9-3650. Finally, this study has developed a highly
flexible computer program for determining the power requirements
for effective laser commmications under a variety of system and

environmental conditions.

B. Program

The study program consisted of four, nearly independent, studies
of specific problems in testing laser commmications systems, proving
their space worthiness, adding a ranging sub-system to the laser
commnication system, and computerizing the results of the modulation
theory studies performed under NAS 9-3650.

Task 1 of the program, which was the development of plans for
recommended tests of optical materials when exposed to the space en-
vironment, began with a study of available literature on laser com-
munication systems to determine the optical materials that would be
needed in a deep space system. Based on this, a preliminary list of
materials to be tested was evolved. A study of these materials, when
exposed to the space environment, determined those parameters of the
materials which were subject to variation. Using this data, test
parameters were selected. A set of test objectives were defined, and
materials test plans for achieving these objectives were developed.

Recommended tests are to be conducted in a simulated environment



when possible, but, in cases where adequate simulation facilities are

not available, spaceborne tests of optical components and materials are

eabivton = o2 o

recommended.

Task II of the program, which was the development of test plans
for correlating laboratory results of laser commmication studies with
the theoretical results obtained from studies of modulation theory, be-
gan with a review of existing test systems. Then, the optical and
electronic configurations for testing a low data rate laser communica-
tion system in NASA's optical tunnel were developed. Since tests were
to be performed near the quantum limit, it was also necessary to develop
plans for monitoring equipment capable of measuring extremely low sig-
nal levels, Methods of varying the optical noise background, and the
effects of noise on the monitors performance were investigated.

FElectronic and optical configurations for testing both laser commm-
ication theory and system performance in the NASA optical tunnel was postu-~
lated, Wherever possible, specific types of "off the shelf" test equip-
ment were recommended for use during these tests. If the specific require-
ments for a piece of electronic test equipment could not be met with
existing equipment, performance requirements were specified. Also, when
existing laser commmication equipment must be modified before tests can
be conducted using this test system, recommendations for modification
were determined.

Then, the problem of testing a laser communication system over an
11 mile range was investigated. On the basis of this work, recommenda-

tions as to the types of testing, the electronic configuration of the

I-3



test equipment, the types of test equipment required, and a means of
keeping to stations in synchronism were prepared. Test procedures were

outlined, and a means of reducing the test data to more useful formats

g
W

was suggested.,

Task III, which was the mechanication of the power model for
laser communicators presented in the Final Reportl on NAS 9-3650, be-
gan with a review of the power model presented in that report. An
improved model was developed, which took into account system and
environmental parameters not included in the original model. This
model was then prograrmed, and run for cases corresponding to those
shown in the Final Report].' After debugging, it was used to predict
results for cases of interest defined during Task II and Task IV of
the contract.

Task IV, which was the development of a ranging system which
could be used with the proposed digital commmication format, began
with a review of existing and proposed range tracking systems. Laser
radar systems, continuous range code generators in the spacecraft, and
active transponders were considered. Then, based on the restriction
placed on a laser range tracking system that was to operate in con-
Junction with the communication system, several alternate range
trackers were postulated. After reviewing the effects of doppler
shifts., instabilities in the spcecraft oscillator, and other factors,
a single range tracking system was selected for further study. Its
accuracy in range and range rate were determined, as were the modifi-

cations required in the spacecraft transmitter/receiver. A block
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diagram for this ranging system, when incorporated in the spacecraft,
was developed. Calculations, and computer runs, were made to determine
its performance at 50 and 100 million miles from Earth. Finally, an

attempt was made to compare this range tracking system with those used

for DSIF and APOLLO.

C. Status

This report concludes the effort on this contract.

D. Personnel
Personnel who contributed to this program are: C. D. Hedges,
T. R. Hughes (Project Manager), C. E. Wernlein (Project Engineer),
R, M. Baker, G. Wend, A. Fox, A, L. Avant, H. S, Fitzhugh, G. S. Ley,

I. T. Basil, and Z. L. Collins.



Section II

CONCLUSIONS AND RECOMMENDATIONS

The conclusions and recommendations presented here summarize the
conclusions and recommendations contained in the Monthly Progress Reports
issued under this contract and contain the major conclusions reached during
the study phases of this program. Each major task of the program is dis-
cussed separately, following the sequence of task numbers conteined in
the statement of work,5 as follows:

Task I - Materials Test Plans

Task II - Communication Theory Test Plans

Task II1 - Power lModel

Task IV - Ranging Analysis

A, Task I - lMaterials Test Plans

The majority of optical material tests should be carried out in
a simulated space environment. This allows control of conditions, monitor-
ing of temporary changes in materials, and minimizes test costs. However,
actual space tests of materials during orbital tests should also be in-
cluded as part of this program. These tests will use a minimum of real
time instrumentation, but they will allow correlation of the results of
simulation testing with the results of actual testing in space.

It is believed that the primary lens, electro-optic modulating
materials, and laser materials are more sensitive to the space environment
than any other portions of a laser communication system. This is based
on either their required exposure to the space environment or their known
susceptibility to radiation. For these reasons, it is recommended that
tests of these materials be given precedence in the materials testing

program.

I1-1



It has been concluded that because of noise in signal problems,
and the cost of developing the necessary test equipment, tests of laser
communicatim theory at 30 megabits/second are not practical. This is
true both for tunnel testing and over an outdoor range. Therefore, the
following tests of laser communication theory are recommended:

1) Using a simple analog system in the tunnel

2) Using a modified PCM/PL system, including a separate

modulator driver at 1 megabit/second, in the tunnel.

Only one test of the PCM/PL system at maximum bit rate is
recormended. This will be done in the optical tunnel, where the noise
environment is controlled. This test should determine the performance
characteristics of the Hughes system, and will not be a test of laser
communication theory. It is recommended that tests of theory be given
precedence over this test.

Outdoor tests that are described in this report fall into three
categories. Two of these are recommended for performance during the
test program, and the third might be attempted under ideal atmospheric
conditions., These categories are as follows:

1. Measurement of the analog characteristics of the test link.

2. Measurement of the effect of the propagation mechanism on

the error rate and error distribution over a 1 megabit/
second PCM/PL system (Modified Hughes).

3. Measurement of the performance of the Hughes system at 30

megabits/second over the test range. This test is not

recommended because of instrumentation problems.

I1-2



In addition to the test programs, this section of the report
describes optical and electronic monitoring equipment that is needed.
Ways of implementing this equipment are discussed. It is recommended
that this equipment be developed before any test - of laser commm
theory or of laser system performance is attempted.

Finally, testing of FM and PPM laser communication systems in
the optical tunnel is described. Since these systems are still being
developed, no detailed test procedures are presented. It is recommended
that, at this time, an analog system and the Hughes PCM/PL system be used
as "test beds" for most of the communication theory and system performance

tests.

C.Task IIT - Power Model

This task was primarily concerned with implementing the power
model shown in the Final Reportl on HUD-38120. As such, it has more
results than conclusions or recommendations. However, it can be concluded
that a Power Model can be developed for use on a Univac 1108 computer and
that results shown in the Fimal Report1 for the effects of polarization
errors on the performance of a PCM/PL system are in error. All other
results given in the Final Reportl agree with those derived during test runs
of the program.

It is recommended that actual laser communication theory experi-
mentes be carried out to determine the validity of predictions computed by
use of this Power Model on a Univac 1108.

D.Task IV-Ranging Analysis

During this task, it was concluded that a digital range tracking
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system should be used for deep space ranging on a laser communication
signal., It was also concluded that a digital range tracking transponder
could be included as part of the laser communication system on board a
spacecraft. Theoretical inves*igation of ranging performance showed
that this system possessed rapid acquisition properties, and should
perform well even when the ground based (or satellite based) receiver
is operating near the quantum limit.

Tt is recommended that further investigation of the effects of
the phased lock loop design on ranging performance be conducted, both in

the laboratory and by theoretical analyses. It is also recommended that

the relation between range codes bits/data bit and range tracking stability

be investigated in a laboratory.
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Section III

OPTICAL MATERIALS TEST PLAN

A. Statement of Task

A review is made of the requirements of the optical materials
that would be used in a laser communication system for a MDSV. A re-
view is also made of the environment that the materials would be sub-
jected to for such a mission. Some known information about materials
that indicate good application is presented. Using this, a basis is
formed for the selection of materials for deep space application.

A list of materials is drawn up for future study purposes.
Relevant material parameters are listed and in many cases combined
for test purposes.

Tests are recomuended to measure these parameters, with particu~
lar emphasis on material selection. Test philosphy is dealt with, and

existing test facilities are recommended.

B. Material Selection

B.1l Basis of Selection

B.l.a According to Required icgl Fgquipment
The selection of optical materials depends, in part, on the use
they would serve. The use they serve may make use of the material's
transmission propertieg, its reflective properties, its polarizing
abilities, etc. Some idea must also be had of what degree of deter-
ioration of any of its properties constitutes a serious deterioration

of the system. Further, knowledge must be had, or at least good
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guesses must be made, as to where, physically, each of the components
lie within the system. The interest here is mostly one of shielding.
Later stage components are shielded against certain radiatic
cularly UV and IR, if the intial stages are chosen to filter our these
radiations. Also, later stage components can be inserted further into
the vehicle for better shielding effects.,

A final analysis will always have to be made of a particular
optical system for the requirements of its components. A suggested,
or typical system is described here. The system described here should
include most of the components of any system that may finally be
designed.

B.l.a.(1) Sample Optical Transmitting and Receiving
System

Figure III-1 shows the essential components of an optical system,

using most of them for both transmitting and receiving purposes. This

system does not contain two channels of detection optics but, nevertheless,

contains each type of component that such a system might contain.

B.l.a.(2) List of Optical Components

(A) Telescope Support Frame (K) Wollaston Prism

(B) Secondary Mirror Supports (L) Binder for Wollaston Prism

(C) Protective Covering (M) Detector

(D) Primary and Secondary Mirror Bank (N) Supports for Quarter Wave Plate
(E) Reflective Coating (0) Quarter Wave Plate

(F) Lens Mount (P) Modulator

(G) Collimating Lens (Q) Antireflective Coatings

(H) Antireflective Coating (R) Mirror Blanks

(I) Interference Filter Substrate (S) Mirror Coatings

(J) Interference Dielectric Coating (T) Multilayer Coatings

(U) Laser Oscillator
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B.1l.a.(3) Requirements for Each Component

(A). Telescope Support Frame should be of solid construction,
made of material capable of absorbing as much radiation as vossible
(i.e., protons, soft X-rays and electrons) while being light in weight
and strong. In addition to these factors, a strong emphasis must be
made on thermal stability in order to maintain mirror alignment. Mir-
ror alignment could be made independent of the frame and secondary
mirror if necessary.

(B). Secondary Mirror Supports should be strong and thermally

stable {See (A) above}., Weight must be minimal,

(C). Protective Covering of secondary mirror should be made of
metal. Tt should he designed of a material that will absorb a maximum
amount of soft X-ray~, alpha, electron, and proton radiation. The
absorbing function of the protective covering is most important, as
this element is the one most exposed to the space environment.

(D). Primary and Secondary Mirror Ranks must have good radiation
resistance to dimensional distortion and surface pitting. These mirror
blanks must also have a very low exvansion coefficient.

(E). Reflective coatings should have good resistance to radia-
tion effects. The important factors that a reflective coating must
maintain are a smooth surface (lack of surface erosion, pitting, etc.),
a uniformly reflecting surface (at least for the wavelength of the use-
ful reflected light) and the coating must, of course, remain adhered
to the mirror blank, Besides the effects of radiation, the deterior-

ating effects of vacuum and micrometeorites must be low,
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(F). Lens Mount should serve two purposes:

(1) It should be a thermally stable holder and insulator for
holding a lens. It is important that if temperature grad-
ients exist, they are at least radial.

(2) It also serves as an isolator between the space environ-
ment and environment of the internal optics (similar to
internal space ship environment).

(G). Collimating Lens should be a simple lens, particularly sturdy
against space environment. Note that this lens is the only transmission
type optical component exposed directly to the space environment.

(H). Antireflective Coatings must be resistant to UV, soft X-rays,
alpha rays (if used on outside of collimating lens). If not, the coating
should at least be resistant to protons, electrons and gamma rays.

(I). Interference Filter Substrate - Fixed material.

(J). Interference Dielectric Coating designed to pass only desired
bandwidth of radiation. Dielectric layers to be hard and durable.

(K). Wollaston Prism - Fixed material.

(L). Binder for Wollaston Prism must not be susceptible to damage
by proton, electrons, or gamma rays. Best approach would be to air
space components with anti-reflective coatings on surfaces.

(M). Detector (type not called out here) may require special
shielding to prevent noise output. If a tube, such as a photomultiplier,
employing a photocathode is used, the photocathode should be kept as
small as possible. This reduces the possibility of the emission of an

electron from the photocathode due to stray radiation.
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(N). Supports for Quarter Wave Plates should be constucted of
thermally stable material (structured plastics or metal).

(0). Quarter Wave Plates may best use two plates for thermal
compensation.

(P). KDP Modulator should also use two elements for the neces—
sary thermal stability. KDP must be in "dry" environment. Cell would
probably require windows with anti-reflective coatings.

(Q). Anti-reflective coatings must be resistant to protons,
electrons and eamma rays.

(R). Mirror Blanks must be thermally stable and radiation re-
sistent.

(S). Mirror Coatings should be aluminum. overcoated with a pro-
tective coating. The aluminum should be stable under proton, electron
and gamma ray bombardment.

(T) M™ultilayer Coating is used here as a filter. It must have a
broadband transmission characteristics to maximize transmission at the
required wavelength. It must be designed to reflect UV for wavelengths
less than 3500; (this provides UV protection for following components

from wavelength region 2000 to BSOOA.)

B.l.b According to Environment of Components

B.1l.b.(1l) Environment Summary

B.l.b.(1).(a) Environment Paramsters

The important space environments are:

(1) Electromagnetic Effects due to Solar Radiation
(2) Thermal Effects due to Solar Radiation

(3) Solar Wind

(4) Galactic Cosmic Rays
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(
(2

) Solar Cosmic Ray Events
) Meteroid Environments
) Vacuum Environment

B.1l.b.(1).(b) Range of Parameters According to Partial

TR~ o 1;‘ Nasasgs anA CSHntsran
cr_Photon Emergies, Dosage, and Source¥*

(1) Electromagnetic

(a) 99% of the radiant energy has a wavelength

(b)
(e)

(e)

between .3 and .4 microns,
The total flux does not vary by more than .5%.

The spectral distribution is that of a black
body whose temperature is about 6000° K. (Thg
peak intensity wavelength is at about2h700° 2
and has a power level of .22 watts/cm®. micro)
at earth radius in space. The total power be-
tween 2000A AND 4 u is .14 watts/cm?, At Mars,
the solar radiation is about .4 that at the
earth radius.

The irradiance between 2000 A and 100 A (approxi-
mate black body at 4500°K).
- Most of the radiation with wavelengths less
than 20008 is in the Hydrogen Lymen Alpha .
emission at 1215.7% (5 x 10-7 watts/em? . A )

- Second in 1nten51ty is the Hellum line at
LK (5 x 109 watts/cm@ - A\**

Solar flares which last from 10 minutes to five
hours. -8
-~ Class 2 + flgres reach approx1m§te1y 1.5x10°

watts/cm? o A between 20 and 80A=¢ (X—rays)

- Maximm background is 2 x 10 -8 watts/cm® . A

between 30 and 80 Angstroms.

*See 1st Reportz,

Page 191.

**Tbid., page 192, Figure IV-88.

¥ Ibid.. page 192, Figure IV-89.
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©
(£) Electromagnetic radiation in the 2 to 8 A
wavelength region (X-rays).
2

- Background =5 x 1074 w/cm 5

- Class 2 + Flare & 5 x 10™° w/cn® ,

- Class 3, 3 + flare (less than 10 A ) -
There is no knowledge, but it is thought
important.

(2) Thermal

(a) Heat radiated from space craft (general)
N

Hr = ESG‘T

H r = heat radiated

=

'« = surface emissivity

g~ = Stefan Boltzman constant
T

= temperature in degrees Kelvin

(b) Average temperature determined by =« s/E°
( =y = surface absorptivity). =

(¢c) Average guide line ~ /ES ¢ 1 (Approximately
average earth temperaturé = 300°K) and ~ /E_.> .1l
(Approximate Mars temperature =-120°K) baSed on

data of electromagnetic radiation. -
(3) Solar Wind (Plasma particles)

(a) The solar wind consists mainly of protons,
electrons and a small percentage of alpha

particles.
Earth Mars
, . 2 2
Average Velocity 5 X 10° km/sec 5 X 10 Km/sec.

- + -
Average Flux 5 X 106 pt e /cmz.sec. 2.5 X% :LO6 p,e /cm2.sec.
+ - + -
Average Energy p 1 KeV} e 50 eV p 1 KeV) e 50 eV
+/ -
Average P /e 10 5
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(a) Consists of charged atomic nuclei (mainly
Hydrogen) traveling at relativistic velo-
cities.

(b) Consists of electrons and gamma rays
(galactic in origin). These,however,are
assumed to be negligible in quantity.

(c) The main contents of the cosmic rays are
particles of Hydrogen and Heljum, The
ratio of Hydrogen particles/Helium particles =
100/7, i.e., Helium particles make up about
7% of the total number of cosmic ray parti-
cles,

(d) The average energy of these particles is
3.6 Bev. The flux density is about 1 nucleon/
er® . Sec.

(e) Cosmic ray flux varies inversely with solar
activity.

3
(5) Solar Cosmic Ray Events

(a) These events consists mainly of protons
and alpha particles (small percentage of
heavier particles).

(b) The energy distribution of protons (non-
relativistic) is between 30 and 300 Mev.

(¢) Maximum f ux (big somsr flares) is approxi-
mately 10 protons/cm*. sec.

(6) Meteroid Environment

(a) It is mainly concentrated in ecliptic plane.

(b) Most of the meteroids have a velocity between
11 and 72 km/sec relative to the earth and
between 5 and 58 km/sec relative to Mars.

(c) The range of densities of these particles
is between 5g/cc and 8g/cc.

(d) Range of particles with respect to maximum
flux rate, mass and approximate diameter:

*
Ibid, page 200, Figure IV-93.
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Flux Mass Diameter

(particles/cn®, sec)  (erams) (density 5 gm/cc)
1.0 10714 2 x 107 cm
1072 1077 9 x 107% cm
1077 1076 9 x 107 em
1071 1.0 0.9 cm
1074 1074 20 cm

(e) For 3-year mission the probable number
of encounters of particles of a given

size:
Particle Diameter No. of Encounters/cmf
2 x 107 em 108
9 x 107 cm 10
9 x 107> em 1071
0.9 cm 1077
20 cm 10713

B.2.a List of Materials

Materials to be tested, on the basis of their optical properties

and potential immunity to the space environment, include:

Magnesium Flouride Epoxy Glass (heat resistant type)

Silicon Monoxide Lithium Niobate

Zinc Sulfide KDP

Titanium Dioxide KD¥P

Cerium Dioxide Cer-Vit (Owens-Corning)

Calcite Aluminum Coatings

Natural Quartz Fused Quartz (Corning 7940)

Balsam (Canada) Laser Gases (Ar,He,Ne Hg,CO ,etc. +3
Sapphire Laser Solids (YAG:Nd™3 Glasg Nd*3,Ruby:Cr - )
Phenolic Glass Injection Lasers (GaAs InAs, InP)

Epoxy Glass Flash Lamps

Tungsten Lamps
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B.2.b. Summary of Known Information about Materials under
Consideration

(1) In general, the stronger the molecular or atomic binding of
the material, the greater is the resistance of the material to radiation.

(2) The main effect to metals of UV radiation (mirror coatings, etc.)
is electron emission causing a charged surface which attracts negatively
charged space dust.

(a). Damage by ionization or atomic displacement is
negligible for solar radiation.
(b). Mirrors coated with Al or Au are not effects by UV.

(3) Good structural plastics are Phenolic glass and Epoxy glass
(either the non-heat-resistant or heat.resistant type). These plastics
are resistant to UV, vacuum and radiation. Temperature range is from
-100°F to 250°F}except for the heat resistant epoxy glasslwhich is good
up to 450°F,

(4) Main effect of UV and X-rays to inorganic materials is the
formation of color centers, e.g.,

(a). NaCl forms an absorption band at .4 p with half width
of .1 p.

(b). KBr forms an absorption band at .63 R with half width
approximately .l Re

(5) Non-browning glasses containing cerium resist coloration due
to neutrons, gamma rays and solar radiation. Glasses have been developed
to withstand lO6 Roent.gens.

(6) Fused Silica has good resistance to gamma radiation.

(a). It is very important that the material be pure (no
Al or Li impurities).

(b). If pure, it has good gamma ray stability.

(c). If pure, it has good UV stability.

(d). If pure, it has good X-ray stability.

(e). All types of high energy radiation (which probably
includes protons) develops absorption at 2140 R.
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(7) Aluminized mirrors undergo no change in reflectivity due
to gamma radiation.

} Saorphire under

pphire undergoes no change in IR tran

radiation. Sapphire also has good proton stability.

(9) To date, one of the best window and transmitting optical
materials is fused quartz (experimentally determined).

(10) Anti-Reflective coatings:

(a). MgF, - probably color center formation (UV and X-ray),
and“deteriorates under alpha radiation,

(b). ZnS, Ti0,, BaTiO, do not form color centers (color
center férmationsg). However, very pure materials are
necessary.

(c). Si is uneffected by X-rays.

(11) It is estimated that proton bombardment would most greatly
effect optical properties for MDSV. (Electrons to a much lesser degree).
(12) Sapphire and Fused Quartz produce no change in transmission

due to electron bombardment,

There is little information on other materials. The best
materials for transmission optical components, at this point, appear
to be:

(1) Fused Quartz (Corning No. 7940)

(2) Sapphire, annealed (Linde Company)
though the sapphire may not be desirable where birefrigent materials

are not wanted.
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C. Test Parameters

C.l. The Basis for the Selection of Test Parameters_

oMy sl

£ A AAanl A onant 3
4 +Cada CTUMPUIICIiv 40

(¢}

that it either transmit light or reflect it. Factors which hinder light
transmission can be divided into those that take place within the optical
component medium such as absorption, internal scattering,loss due to
polarization where it is not wanted and those that take place at the
surface of the optical medium, such as reflection, surface scattering,
and changes in light path due to changes of material change of index of
refraction and changes in the position or direction of the surface, i.e.,
surface distortion. Factors which hinder reflection are the loss of
reflectance, i.e., a surface that transmits or absorbs or both when it
should reflect. The reflecting surface may also roughen so that though
all the light is either reflected or scattered, it is not in the desired
direction out of the surface.

The primary functions of some of the optical components
is not that of transmission or reflection but of filtering, light beam
bending, polarizing wave retardation, etc. It is suggested, however,

that most of the component materials be tested for transmission or

reflectance even though this be their secondary function.

The factors that hinder transmission or reflection can be
many. A more theoretical study might find the causes for the deterioration
of transmission or reflection. It is suggested that universal trans—
mission and reflectance tests be made. With this as the objective,this

report devises transmission and reflection tests that will show any change
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in a material that will hinder transmission or reflection, though the
test will not name the cause of deterioration. It is assumed that the
main purpose of the test is to accept or reject materials for space
use.

Other tests are recommended for the measurement of other import~
ant parameters that some of the optics must maintain without signifi-
cant deterioration. These include tests of the polarizing abilities
of some materials, the wavelength dependent transmission or reflection
of filters, and the wave retardation ability of some materials.

The basis of the selection of the environmental parameters ,
to which the materials are to be exposed during tests, is that of

best simulating space environment near Mars.

C.2 Measured Parameters

Presented here is a list of parameters that are recommended
for direct measurements. Those shown in the left column are param-
eters, whose change will show up in the direct measurements, Possi-
ble causes for these changes are subheaded in the right column.

TRANSMISSION Absorption
Reflection
Internal Scattering
Surface Scattering
Dimensional Distortion
Change of Index of Refraction

REFLECTANCE Absorption
Surface Scattering
Dimensional Distortion
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POLARIZABILITY Absorption

Reflection
Internal Scattering
Cuwrfann Crattaring
e Vil ol e N Lo 4™ L A At 3 d—lﬁb
WAVE RETARDATION Transmission
Reflection

Internal Scattering
Surface Scattering

The terms in the left column are not necessarily used in the
same way as those in the right column. For instance, the parameter
transmission in the left columm includes all the subparameters in
the right colum, i.e., it is defined in terms of the test scheme
as shown in Figure III-2 where as the term transmission in the
right column refers to the material transmittance properties.

The environmental parameters to be used in the test are

listed in Section D.2.a.

., Measurements

D.1 Philosophy of Tests

For these tests, the materials must undergo two processes. The
materials must first be subjected to one or more characteristics of
the space environment and the materials must then be measure for
physical changes that the space environment may have induced in them.

A number of choices present themselves at this point. The
material samples may be subjected to actual space environment, the

samples being placed on some space vehicle as a side experiment, or
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the samples may be subjected to a simulated environment. In the simu-
lation case the sample can be subjected to one characteristic of space
at a time or may be subjected to a whole series of space charasteristics
at the same tinme.

The advantage of subjecting the material samples to actual space
environment is that there is the best assurance that the samples are
being subjected to the most "accurate" simulation. Tt has disadvantages
of being time consuming, if a "meaningful" accelerated laboratory simu-
lation is possible. (One which yields results that correlate with those
observed during snace flight).

There is some advantage to subjecting the samples to each snace
parameter separately if it is advantageous to determine the particular
cause of a material deterioration. This would be particularly so if
a more theoretical studv were being made of the space effects on materials.
The disadvantage of this procedure is the fact that a material may deter-
iorate a certain way only if a number of space effects act simultaneously
on the material, i.e., the cause of deterioration may have to be
synergistic - taken together,

So. unless it can be shown that snace parameters can be applied
to a given material separately and still simulate space, there is a
great advantage in exposing the materials to svace environment synergis-
tically.

Placing of equipment for the adequate testing of optical
materials for deterioration aboard a space craft would be difficult
and expensive. It is not recommended)exnept perhaps for some special

cases,
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Ground laboratory measurements would generally be more flexible,

more accurate and more economical.

The above seems to suggest that the best procedure wnuld be to
expose the material samples to actual space environment, retrieve the
samples and measure their deterioration in a laboratory. This vrocedure
is recommended. FHowever, it is not a complete procedure and must be
supplemented by other tests. A number of effects of space environment
on optical materials exist only as long as the material is subjected
to the environment. Fxamples of this are flourescence and scintilation.
Other effects, such as coloration disappear or decrease after radiation
ceases,

For this reason it is imperative that at least some test monitor-
ing takes place while the materials are being subjected to some parame-
ters of the space enviroment.

For those measurements that should be made at the same time
the materials are subjected to space environment parameters. simulated
space environment is recommended. Though placing materials in space
for irradiation apparently gives greater assurance of their receiving
a more typical radiation dosage, simulated space environment produced
on the ground is becoming more reliable as both better means for devel-
oping simulated radiation in laboratories is improving (particularly
the increased ability to produce synergistic space effects) and as a

better knowledge of space environment develops.
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Thus, a hvbrid procedure is recommended for the determination

of the suitability of given optical materials for use in space.

n.? Test t~ be Performed

N.2.a Optical Configuration

Tn the following Figure,III-2, sugeested optical schemes for
the measurements of the important optical parameters of the optical
components of interest are presented. Each of the test schemes is
lettered and referred to in Chart III-1 and Chart III-2.

¥Mote that in some of the optical schemes, light sources are
called for that are collimated and in some the light source must be
collimated and monochromatic. Those tests not requiring a monochro-
matic source may nevertheless use such a source if it is readily
available. In most of these tests good collimation of the light
source is required, the degree of test validity being proportional
to the collimation of the light source.

In each test scheme, only the sample should be irradiated unless
it has been clearly shown that some of the optical test components are
stable in the presence of the radiation in which they are subiected.

The detector used in each of these test schemes should be a
photomultiplier, so chosen and operated to produce as little noise
as possible. As even placing the photomultiplier outside the irrad-
ation chamber will not reduce irradiation of the detector to zero, the
photocathode of the photomultiplier should have a very small area. Of

course, shielding the photomultiplier may also be necessary.
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I. Proton (pt) Bombardment
Simulation Test No. Time Integrated Flue Average Density
Solar Wind I.A 5 X 10M4 p+/cm? 1 Kev
+
Galactic Cosmic | I.B 1% 108 pt Jen® 3.6 Bev
Ray's (rela-
tivistic)
11 + 2 ‘-<
Solar Flares I.C-1 L X110 p /em 10 Mev & B £ 100 Mev
I.C-2 7 X 107 p+ /cm2 100 Mev & E X 1 Bev
II. Electron (e ) Bombardment
imulation Test No. Time Integrated Flui”s ’ Average Energy
{ -
Solar Wind II.A 5X 10° e /cm2 50 ev
Solar Flares 11.B 2 x 102 e /em2 1¢E L ey

III. Gamma ( ¥

ISimulation

) Ray Bombardment

Test No.

Radiation Flux

Galactic

Cosmic Rays

III.A

Undefined (generally regarded as negligable)

s8¢ Time integrated flux is given here for a three year period.

This time

may be shortened for test purposes where it can be shown that the time
interval is not of significance.
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IV. Ultra

-1 Contim

anue

Violet (U.V., 200 & - 3500 A) Radiation

1

|

Slmulatlon Test No. Radlatlon Flux Wavelength Region
- 1% ;
Solar Background | IV.A-1 2% 107 watt/cm2 100-2000 A (roughly |
3 yr exposure follows 4500°K Black'
Body
IV.A-2 1 X 10™° watt/em® Hydrogen Lyman Alpha '
3 yr exposure emission at 1215.7 A
-2 2 :
IV.A-3 1 X 10 © watt/cm 2000-3500 & (roughly i
3 yr exposure follows 6000°K Black |
Body ]

V. X—Ray (10 A - 100 A ) Radiation

Simulatlon Test No. Badlatlon Flux Wavelength Reglon ;
' -6 2 N |
Solar Flares V.A 1.5 X 107 watt/cm 20-80 A !
75 hr exposure
o
Solar Background| V.B 1.5 X 107/ watt/cm> 20-80 A
3 yr expesure

VI. Alpha ( &« ) Particle Bombardment

e

Slmulatlnn Test No. Radiation Flux

Solar Flares VI.A Undefined, but may approach 10 partlcles/cm §
(Energy probably less than 10 Mev)

Solar Wind Vi.B Undefined, but assumed small.

VII. Neutron

Slmulatlon

(n) Bombardment

Test No.

Energy Spectrum

Time Integrated Flux

Solar Flares

VII.A

2 X 10° neutrons/cm2 Undefined (probably

on order of 10 Mev.)

¥ F. B, McDonald, Solar Proton Manual, Goddard Space Flight Center; NASA
TRR-169; page h, 114, December 1963.
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Chart IIX-1 Continued

VIII. Meteoroid Bombardment (Density range 3 glcc-8g/cc)
- e e , e
' Simulation Test No. Time Integrated Flux |Ave. Diam. | Velocity
(for .4 T Steradians)
Constant VIII.A-1 1x 107 particles/cm2 2110-5 cm | 11-72 km/sec.
Environment 5 2
VIII.A-2 1 X 10” particles/cm 9X10-h cm | 11-72 km/sec.
VIII.AS2 .01 particles/cm™ 9%1073 cm | 11-72 Km/sec.
IX. Thermal Environment
Simulation Test No. Temperature Range* (Kinetic)
Space IX.A 100° K to 400° K (General)
| 120° K to 300° K (Most Likely)
i
‘Space Ship IX.B 200° K to 4LO0°K (General)
Interior
| |

i

X. Extreme Vacuum ( ~10°

Torr)

Simulation Test No. Test Conditions
: :
Space Vacuum X.A Experiments will probably have to be done .
in space. 3
. ~-10 -11 '
Simulated Space X.B 10 to 10 Torr. Earth based vacuum
iVacuum stations. Materials surviving this test

should then be subjected to space vacuum.

# The equilibrium temperature is drastically influenced by space ship
design and materials, therefore, only general range will be considered.
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D.2.b Spaceborn Tests

Spaceborn exposure of optical materials is highly recommended.
Though most material parameters cannot be practically measured in the
spacecraft during flight, the materials can easily be exposed during
flight,retrieved,and measured in ground laboratories. However, as
pointed out above, it is recommended that the bulk of the radiation
(and simultaneous measurement) be done on the ground using good space
simulating facilities.

The spaceborn irradiation of the materials would serve two ends.
The first would be to establish a good correlation between the effects
of an actual space environment and a ground stimulated environment on the
degradation ¢f the materials, The second end spac- testing would serve would
be as a final check on the results obtained by simulated irradiation of
the materials.

Though the bulk of the material parameters changed by space
and simulated environments can be correlated, there remains those
material changes that are short lived, particularly flourescence and
scintillation. If the space and simulated environment tests are to be
correlated, some measuring equipment wnuld have to be sent with the
materials into space. This equipment, however, could be kept rela-
tively simple as it does not have to measure most of the parameter
changes measured during ground tests.

The type of equipment that could be used to contain and pro-
gressively expose material samples to the actual space environment is

shown in Figure III-3, taken from a report by Kollsman Instrument
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Corporation.

E. Recommended Test Facilities

The degree that various existing radiation facilities simulate
space environment varies with the facility, some being able to simu-
late one parameter or another. If the largest portion of material
radiation exposure is to be done on the ground, it is important that
the radiation source be capable of simulating all or nearly all the
meaningful parameters attributable to actual space environment. As
long as it has not been shown that synergistic irradiation of the
materials has the same deteriorating effect as the sum of individual
space parameters acting separately on the materials this will be
true.

At least one such facility has been found. The Illinois
Institute of Technologyv Phvsics Research Division operates a facility
which is capable of simulating most space environment parameters and,
what may be more important, these parameters may be applied to materials
simultaneously.

It is recommended that this facility be considered for use in

simulated testing.



Section 1V

COMMUNICATION THEORY TEST PLANS

A. Statement of Task

The objectives of this task of the program has been to develop plans
for experiments to verify the theory of laser communications when a laser
commmnicator is operating near the quantum limit. Plans for testing laser
communications both over an 11 mile field range and in the optical tunnel
were to be devised. It was the intent of this task of the program to de-
velop, whenever possible, plans for testing laser communication theory and
laser communication system performance that could be implemented on NASAts
laser communication equipment.

As part of this task methods to vary from quantum limited to noise
limited system operation were to be devised. Methods for monitoring the
error rate as the noise level and the data rate are varied were to be de-
veloped. For each test recommended, optical arrangements, methods of
monitoring signal level, electronic test configurations, and the electronic
test equipment required were to be described in detail. Methods of re-
ducing test data to plots of probability of error as a function of signal
and noise power per decision was the ultimate objective of these commni-
cation theory tests.

If possible, an analysis of the effects of atmospheric conditions
on the performance of a laser communication system was to be carried out.

The results of this analysis were to be included as part of this task.



B. Test Recommended

NASA has in its possession, or is developing, laser communicators

that use PCM/PL modulation, PPM and wideband (50 MHz) analog FM modulation
of a 125 MHz subcarrier. In addition, NASA has other equipment that can
be assembled into communication systems, and it has optical test ranges.
One of the ranges is 11 miles long, running from the desert floor at White
Sands, New Mexico to the top of a mountain. The other range is in a con-
trolled atmosphere, at NASA, Houston. This range is approximately 80
meters long, and the laser beam propagates within a cylindrical tube that
is 4 meters in diameter.

Given this large selection of laser communicators, and two potential
test ranges that are radically different in their optical characteristics,
one of the most difficult portions of this task has been to select for
development and recommendation those tests that would yield the greatest
amount of information about laser communication theory and laser system
performance., In general, tests have been selected for one of the four
following reasons:

they are basic, allowing system alignment, monitor calibra-
tion and test equipment calibration, while giving NASA personnel
experience with system testing.

they are tests of the basic theory of quantum limited operation,
using existing digital data transmission systems.

they are tests of the performance of a digital data transmis-
sion system, as distinguished from tests of theory of laser
modem performance.

Performance data obtained allows a partial characteristics of an
unknown transmission medium, since this data is taken with a cal-

ibrated system,



Using these criteria, Westinghouse is recommending that NASA per-

form the following communication tests to determine, quantitatively, the

performance of laser communicators and to characterize the effects of the

atmosphere on this performance:

1.

2.

3.

L,

5¢

6.

7-

In

A monitor calibration experiment (See Part C) in the tunnel.

Testing of laser communication theory using analog modulation
of a HelNe laser, to determine signal to noise ratios in the

tunnel as a function of received signal level (See Part E).

The testing of the performance of a PCM/PL system in the tunnel,
at a low data rate, to correlate test results with those predicted
for PCM/PL modulation during Task III of this program (See Part F).

The testing of system performance for a 30 megabit/sec PCM/PL

commmication system in the tunnel (See Part G).

Measurement of the amplitude characteristics of an 11 mile
test range at White Sands, New Mexico (See Part H).

Measurement of the phase characteristics of an 1l mile test
range at White Sands, New Mexico (See Part I).

Measurement of system performance at 30 megabits/sec for a
PCM/PL laser communicator operating over the 1l mile range
(See Part J).

addition to these specific tests, this part of the report suggests

ways to test the digital performance of PPM and FM laser communication sys-

tems, details the optical configuration to be used for testing laser modula-

tion theory and laser communication systems in the tunnel, explains the de-

sign and performance of monitors, investigates potential problems associated

with high data rate testing, and recommends ways of reducing raw data to

more meaningful formats.
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C. Development of Monitors for Power level Measurements

C.1l Performance of Photomultiplier Tubes as Optical Detectors

C.l.a General

Photomultiplier tubes (PMI''s) will be used in monitor;%to measure
the average incident power on optical receivers during systems tests.
It is also contemplated that the basic monitor will be used as a
receiver in setting up a simple amplitude modulated commmication
link to be tested in the tunnel (See IV-E). The present section (IV-C)
will discuss the performance of PMI''s as optical detectors, the design
of a monitor incorporating a PMI', and the calibration of the monitor.
When used as -a monitor the input to the PMI' will be chopped at some
low frequency like 90 hertz and the output will be measured on a
wave-analyzer or synchronous detector. Because the monitor will be
operating with a very narrow output bandwidth (2-10 hertz) its output
S/N ratio should be high, even when the system receiver with an output
bandwidth of some mega-hertz is operating quantum limited.

When the monitor is used as a simple optical reciver the input to
the PMI' will not be chopped. Instead,the PMT will act as a detector
of the amplitude modulated transmitted beam. A single frequency sinusoid
will be modulated on the optical carrier and this will constitute the

signal in the receiver output. Measurements of output signal plus

% . . R . .
The term "monitor", as used in this section, means an optical power
meter. V-4



noise and noise will be made. From these one may calculate S/N ratios
for comparison with theoretical predictions. More will be said about
this under IV-F.

The anticipated dual use of the monitor necessitates the consid-
eration of the PMT under two rather different modes of operation. As
a monitor it operates with a chopper and a narrow output bandwidth (inte-
gration) to measure average incident power flux regardless of the modu-
lation on the beam. Operating in this mode it may be used to measure the
average power of a modulated beam, the power of an un-modulated beam,
or the constant power flux due to background radiation in the optical
bandwidth provided. When operating as a receiver it will be operated
with the output circuit tuned to the modulation frequency. The band-
width of the output circuit will be chosen to suit the purpose of the
test. Varying the bandwidth should have no affect on signal power but

will affect noise power and therefore S/N ratio, since the modulation is a

single frequency.

C.,1.,b The PMI as a Simple Transducer

The PMT comprises a photoemissive surface, the photocathode, and
a secondary-emission electron mmltiplier contained in a common evacuated
glass envelope. Light striking the photocathode liberates electrons
which are collected and guided through the multiplier section
by properly applied electric fields. The
amplified current flowing through the impedance of the output circuit

produces a voltage which constitutes the output. Under normal operating

Iv-5



conditions the current liberated at the cathode is directly proportional

to incident power and amplification is independent of current level. The
PMP may therefore be viewed simply as a transduc
power and delivers an electrical output proportional to the power received.
It will be instructive to formulate the relations between power (P)
incident on the photocathode, current (I) liberated at the photocathode
and the voltage (V) appearing across a resistance in the output circuit.

We know that the energy in electromagnetic radiation is quantized
and if the radiation is monochromatic the energy quanta all have the
same magnitude (hf) where (h) is Plancks constant and (f) is frequency
in hertz. If the incident power is (P), the quantum efficiency of the

photocathode (photoelectrons/photon) isfﬁ-, and the electronic charge

is q, the current liberated at the photocathode is

~
}.J
?

-
L

This current is amplified by a factor (G), the gain of the dynode
section of the PMI', and flows through an output resistance (R) to

produce an output voltage,

(2)

These equations are in agreement with the simple transduce- concept and

describe the performance of the PMT quite adequately if (P) is high

V-6



enough and/or the bandwidth of the output circuit is so limited
that noise in the output circuit is of no consequence. If we know
quantum efficiency (Gi};gain (G),and load resistance (R), we can calcu-
late the proportionality factor between (V) and (P). Approximate values
for these quantities are available in the descriptive literature pro-
vided by the supplier and suffice for general design purposes but not
for absolute calibration where good accuracy is required.

But PMI''s are used to detect very weak optical signals and may
of necessity operate with output bandwidths of many megahertz. As a
consequence ,the noise characterics of the device are all important and

must be considered.

C.l.c Quantum Limited S/N Ratio

We considered first the special case in which the S/N ratio in
the output of the PMI' is determined entirely by the quantum noise in
the signal, i.e. the noise which the signal itself produces. To
understand this condition consider a constant power (P) incident on
the photocathode. The current leaving the photocathode is given by
Equation (1) and constitutes a flow of electrons away from the photo-
cathode. The noise in this current can be represented by the well-

knovn and well-established shot-noise formula,

- 4
e \ -~ e / ‘ i
P - o>’ %— 4 Il
/ ’ \ i .

(3)

-

where q = electron charge

.
-
-

df = the increment of bandwidth contributing to .



Later we will determine the noise bandwidth of typical output circuits

but for the present we simple use (B) to signify the bandwidth of the

output circuit. The total noise current in the output circuit i

] = anm
e - W b OIVAA’
-~ . -
L ar )

where (G) is the current gain of the PMI. Since the signal current

is also amplified by the same factor (G) in the PMT, the output S/N

ratio is,

NTTe s )
This is the S/N ratio which would appear in the output of the PMT in
the absence of all other noise sources. A higher S/N ratio obviously
cannot be achieved. If the value of (I) is substituted from equation

(1) the S/N ratio is expressed in terms of incident power (P) as,

\J/{; = AT (6)
A
If - = 1 (100 percent quantum efficiency) equation (6) becomes,
[ / R
N7 I (7
/ ST O
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which is the S/N ratio inherent in the optical beam intercepted by
the photocathode. We see that the S/N ratio realized in the output of
the PMT is lower by a factor (- ) than the inherent S/N ratio in the
incident beam.

This quantum noise limitation typical of many optical systems
never arises in R.F. systems because the magnitude of the energy quanta
(hf) is at least 1000 times smaller at radio frequencies and other noise
sources (usually thermal noise) limits S/N ratio before the quantum
limit is reached. Other noise sources are also present in PMT's
and we procede now to consider the overall noise characterics of this
device. Before leaving the quantum limited case it is interesting to
note that a S/N ratio of unity is achieved in equation (5) when the
current is 2qB which corresponds to an average of two electrons per
hertz of bandwidth. Likewise from equation (6) the S/N ratio inherent
in the incident beam is unity when the power (P) corresponds to two

photons per hertz of bandwidth if 100% quantum efficiency is assumed.

C .1.d. Total Noise Considerg;ioné'

It is clear from the above discussion that any current originating
at the photocathode has a noise component associated with it, and the
noise component can be represented by equation (4) if the proper current
is substituted.

The sources of noise in a PMI are 1) the signal noise already

discussed, 2) the dark current noise associated with the current(ld)

*This discussion assumes that the shot noise contributed by Ic is indepen-
dent of the usable signal energy.
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leaving the photocathode in the absence of optical input (primarily
thermal emission), 3) background noise associated with the current
(I} due to back ground radiation entering the system in the optical
bandwidth provided, and 4) thermal noise generated by the resistance
of the output circuit. The contribution of these noise sources will
be considered and expressions for S/N ratio will be derived. For
this analysis it will be assumed that the PMT receiver is looking at
a laser transmitter, amplitude modulated at a single frequency (fo),as
illustrated in Figure IV-la. (Po\ is the maximum pos~ible nutput of the trans-
mitter, Pc=P0/2 is the average or carrier power 1eve1)and the peak modula-
tion power, with a modulation index (m),is P =mP . The corresponding
variation in photocathode current is shown in Figure 1b. Calculations
will be made in terms of currents at the photocathode which are related
to power incident on the photocathode by equation (1).

Let us now consider the noise sources and their contribution
to total noise in the output circuit. The expressions for the contri-

bution by the signal carrier (Ic), the dark current (Id), and the

background current can be written directly,

DA (&)
— ’-

- PR H - - N

S A (9)
— z ,p

(10)
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The PMT is a pretty good approximation to an infinite impedance source

supplying these currents 11 parallel t¢ the output circuit.

1?3

currents have been amplifi

3
- ¥ id  GRtpleaad L aai aa

g
by the resistance of the output circuit also can be represented by an
infinite impedance current source in parallel with the output circuit.

The strength of this source is given by

f~
B
AN
~.

L, = (11)

where (k) is Boltzmanns Constant, (T) is the temperature of the loss
elements in the output circuit, p(f) is Plack's factor, df is the
incremental frequency bandwidth contributing to (i;é) and (R) is the
equivalent shunt resistance of the output circuit., In the radio
frequency range Plack's factor p(f) = 1 so the noise contributed by

the output resistance is,

— .. N ¢ ’

= - (12)

N
{
]

All of these current sources equations 8, 9, 10 and 12 are expressed
in differential form and represent the contribution to noise in
the incremental bandwidth (df).

The average square of the signal current from Figure IV-1l is,

- -

Aot A M bl - ~— .
.. — S e N

—

2 o
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FIGURE IV-l. Input Signal to PMT

SR P

- P _ 2P
P §r =2
Pm = mP
c
m = modulation index
/\ o /\

(a)

Y R N

\_/ \f
Qo= { ;— - %r
Im = anZ<=
m = modulation index
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This current, like the shot noise currents, is amplified in the PMT
and acts like an infinite impedance current source in parallel with

the output cirecuit. It should be noted that the signal current and

;

the shot noise currents are amplified through the PMT but the thermal
noise in the output circuit is not.

Fig,IV-2 shows the equivalent circuit of the signal and noise
sources in parallel with an RLC tuned output circuit. The problem is
to calculate the noise component of voltage;E which each will pro-
duce across the output circuit and the S/N ratio at the output of the
PMT.

The output circuit is assumed to be tuned to the frequency (fo)

of the modulation frequency. The v2 for the signal is therefore
simply

e

b

S 9, (14)
The noise currents contain all frequencies,and since the impedance
of the output circuit is frequency dependent,the contribution of the
several noise currents to the voltage across the output circuit must
be determined by integration.

Consider first the thermal noise source (equation 12).The total

voltage produce by this source is

. :J A /‘ ¢ J /o -, 7 A (15)
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FIGURE IV-2, Kquivalent Circuit of PMT
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i
where [ZIZ is the square of the absolute circuit impedance. This

is a somewhat tedius integration but the result is simple

T Ty (16)

The result also follows from the assumption of the equipartition of

energy
i S . S . T
",/l\ — s - : [ — A
e L= (?/
S —
whence T =/
d o 4_:.'._";—.‘
f—

Note that in the integral of equation (12) 32,2 at the point of

resonance has the value R2. We can define the noise bandwidth therefore

by, - ) o
Z/?é’/ , dO TS = _,i’
(~ ) , .
B = 7= (17)
whence, e

The spectral density functior i 2

‘ is from equation (12) LKT/R and

the voltage contributed across the output cirecuit is KT/C. The ratio
of v2 to the spectral distribution function is R/4C. This ratio must

be the same for all noise currents because all have constant spectral

—

density functions. We can therefore write immediately the totalv2

contributed by all the shot noise currents, equations 8, 9, and 10.

. Ny
- N D T -
Za 6’_,.’5 7+ 4 i (18)
s — A s
P
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The total noise voltage is obtained by adding the thermal noise (equation

13).

"/,,b' + éf-——:%(“ﬂ ,5(7‘-‘[(_)-/ (19)

and the S/N ratio at the output of the PMT is equation (13) divided by

equation (15)

N
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o
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/ . . \ { L .
o R (A T
7/ < :

(20)

The noise bandwidth is given by equation (17) and is obviously the
same for all noise sources. Dividing equation (16) by (R) and sub-
stituting RC = 1/4B gives,

2'*' L 2'

771;§ = f?
t;4§ - - ’21)
SATE P27 8 (T T I )

This is a familiar form of the equation which could have been written

Iy 0

N

N

from inspection. The rather rigorous procedure was followed to emp-
asize the nature of noise and it incidentally showed that the noise
bandwidth of the tuned RIC circuit is 1/4RC. This is at first glance
a rather surprising result because it shows that bandwidth is fixed

by R and C without considering (L). This suggest that (L) may be

made infinite and that the noise bandwidth of a simple RC output circuit
is also 1/RC. This can be verified by carrying out the integration

indicated in equation (12) for this simple case. It can also be

V=16



shown that the noise bandwidth (B) is related to the 3 db bandwidth

(af) by,

B Toaf (22)

C .l.e. Thermal Noise is Generally Negligible in a PMT

One of the outstanding advantages of the PMI' is the high post-
detection gain which raises the signal power to such a level that
thermal noise in the output circuit is negligible in comparison to
the shot-noise which we have seen is inevitakle in any photon detector.In a
simple vacuum photodiode or solid state photodiode the thermal noise
is generated ahead of the amplifier and is usually much greater than
shot noise. The ratio of thermal noise to shot noise from equation

(17) is,

M ¢ D x 7
Y S Sa, (23)
M Lo T +T 47, )

‘ N — L [P

The only current in the denominator which cannot be arbitrarily reduced is 14

80 we will eliminate Ic and Iband write ,

Ne 9w 2T a»

N g 2RI,

4
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To eliminate R we will substitute bandwidth (B) and output capacity (C)

through the relation B = 1/4RC, which gives

/\/7" n ; /. -‘."/( ol
= - o T = (25)
e T 4 lE T

< [ = ~“/Ié

If we substitute

G = 15x10°
_u RCA 7326 S-20 surface
I = 5x 10 o
d
k = 1.38 x 10723 joules/degrees K.
T = 300%
c = 1071 farads
a = 1.60 x 107 coulombs
X - Lex107 B (26)

Thus we see that for any bandwidth within the capabilities of the tube;
thermal noise is completely negligible in comparison to shot noise.
(The usable bandwidth of a conventional PMT is limited to approximately
5x 107 hertz by variations in transit time of electrons through the
dynode structure.) The values of gain (G) and dark current (Id) used
are characteristic of the RCA 7326 PMI' which will be used as a model
throughout this analysis. It is chosen for its simplicity, its S-20
response which is suited for receiving both the He-Ne visable wave-
length (6328 ;) and the 4047 A and 5145 A wavelengths of the argon ion

laser,



Since thermal noise is negligible in comparison to shot noise
with the RCA 7326 operating at its rated gain we will eliminate the

LKTB term in the denominator of equation (17) to obtain,

2 . ;..,' T ?
.J// o e .:’:_.,.,.-. «' . _,_t- . (27)
Q.. (= 3 S o .
L/ "? ’\. J’t:—f e f . ‘{"“,,-’)

It should be kept in mind,of course, that if for some reason the tube
is not operated at or near rated gain the magnitude of the ratioc
Nt/Ns as given by equation 21 should be checked to see if the thermal
noise term can still be neglected.

If we assume that background noise is negligible in comparison
to the sum of the carrier generated noise and the dark current noise,

equation (18) is further simplified to,

S/t e )

The relationship of (S/N), I, and (B) represented by this equation
are plotted in Fig. IV-3, The dark current level is indicated and it
will be noted that the (S/N) ratio drops off rather rapidly when Ic
falls below Id' The curves are arbitrarily terminated at 10 db because
it is felt that an analogue system is not particularly useful below
this value., The termination was quite arbitrary and the curves may

be extended to 1 db if desired., A modulation index m = 1 was assumed

in plotting the curves., The effect of a lower modulation index is

clearly indicated by the equation.

Iv=-19
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Equation (1) was used to convert from (Ic) to carrier power (Pc)
and the resulting curves are plotted in Figure IV-4.These curves are
suited to experimental verification because a calibrated monitor can
be used to measure the power density at the receiver and from this one
can calculate the average carrier power incident on the photocathode.

It should be emphasized that the Ic values plotted in Figure IV-3
are current values at the photocathode. The highest value of Ic
plotted in the curves is 10'-9 amperes which corresponds to 1.5 x lOSx 10-9=
150 x 1076 amperes which is at least close to the limit of linearity for
the electron multiplier. The corresponding upper limit for Pc in
Figure 4 is 3.14 x 10~% watts incident on the photocathode. The
region of linearity and other characteristics should be run on any PMT

to be used in the quantitative testing of theory.

C.l.f. Square-Wave Modulation

Thus far we have considered only a sinusoidally modulated carrier.
Since it is planned to use PMI's as monitors to measure average power
density (irradiance) in the place of a receiver and since the optical
input to the PMI' will be interrupted with a mechanical chopper, it is
necessary to consider the case of a square-wave modulated input.
Quantities are defined in Fig.IV-5 and we can write an expression for
S/N ratio on the basis of equations already developed for a sinusoidally
modulated carrier., Only the fundamental frequency component of the
chopped input will be selected and measured in the output of the PMT.

As in the sinusoidal case we will write equations in terms of currents

V=21
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at the photocathode and convert to power at the photocathode by
equation (1).

If we zo back to sgu

denominator it can be written as

)= (29)

/; - —— — N - \
S B(I 4T 447 )
The peak current ( Im) for the square wave (chopped wave), Figure 5,

is Im = 2I/1, and the carrier current I c is I/2. Substituting these

values in equation (20) we obtain for the square wave case,

2

- 3 -
e
.

T ptar (=4 Ta+ 34) o)

which if we neglect (Ib) can be written,

_, o7
/r] 74 f,J ( /+ 2_—%4/) (31)

This is analogous to equation (19) for the sinusoidal case and is
plotted in Fig. IV-6. Fig.IV-7 shows the same curves plotted in terms
of power. It should be noted that for the sinusoidal case the current
(Ic) and power (Pc) are the true carrier values of these quantitites
whereas in the square-wave case the power (P) is the power incident
on the photocathode when the chopper is open and (I) is the corres-
ponding current. It seemed desirable to write the equations and plot

the curves in this way because sinusoidal modulation will be used
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primarily in commmnications experiments and square wave modulation
will be used primarily in the monitoring application. Considering
the fact that the monitor will operate characteristically with a
narrow output bandwidth it is probably superfluous to plot the
curves for a range of bandwidths. This was done simply for the sake
of completeness and just in case one might want to test a PMT
receiver in conjunction with a square-wave modulated transmitter.
There is not much difference in the equations and curves for
sinusoidal and square-wave modulation,as one would expect. At first
glance the operating range of current and power shown by the curves
appears to be limited for larger bandwidths. The reader will probably
realize that this is not a real limitation. The upper limit of the
curves is fixed by maximum allowable anode current on the basis of a
constant gain in the amplifier. (S/N) ratio, according to the simple
model used is not dependent on gain,so when the input level is such
that anode current is excessive one should reduce the voltage on the
PMT to reduce gain. This condition arises only when noise due to
dark current is negligible. Reduced gain allows one to increase
power input and photocathode current well beyond the range plotted.
Thermal noise in the output circuit will eventually become appreciable
in comparison to shot noise as gain is reduced and must therefore be
considered. There are also precautions to be taken in reducing voltage.
The noise figure of the electron multiplier is not unity as we have

assumed in the simple model but depends on the ratio of secondary
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electrons to primary electrons at a dynode. This ratio should be
maintained at the first few dynodes by operating these at full
voltage. The overall reduction in gain is accomplished by operating

the remaining dynodes at reduced voltage.
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C.2 PMT Monitors

C.2.a GCeneral

The PMI' monitor to be described will have a dual purpose and use.
It will be used to measure the irradiance in the plane of a test re-
ceiver so that the average power intercepted by the receiver and
delivered to the photo surface of the receiver PMI' can be calculated.
Knowing total average power the energy per decision in the case of
digital transmission or energy per cycle of bandwidth in an analog
transmission may be calculated. Theoretically predicted performance
may thus be determined and checked by experiment. In this mode of
operation the optical input to the monitor will be mechanically
chopped at some low frequency like 90 hertz and the output of the
PMI will be read on a wave-analyzer or synchronous detector. Mechan-
ical chopping of the optical input and reading out on a wave-analyzer
or synchronous detector enhances the desired signal relative to dark
current in the PMT because the latter is not chopped. Noise associated
with the dark current appears in the output circuit but this is
minimized through integration in the narrow-band output cireuit. The
effective narrow bandwidth of the PMI also discriminates against
extraneous electromagnetic disturbances like 60 cycle hum and other
circuit noise. The monitor will usually employ a narrow bandpass
optical filter in front of the PMT to minimize background radiation
which would otherwise limit the sensitivity and usefulness of the

monitor. The monitor operating in this mode can obviously be used
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to measure background radiation falling in the passband of the optical
filter. The monitor will be calibrated by use of a calibrated light
source, as will be described later.

The monitor will also be used as a simple optical receiver for
use in conjunction with a laser transmitter (See IV-E). The design
concepts of the monitor will be described and it is suggested that
at least two prototypes of the final design be built so that one may
be used as a monitor with the other operating as a simple optical

receiver.

C.2.b Description of Monitor Design

Experience may indicate the desirability of building a number
of monitors because calibrated monitors will find many uses, some
no doubt which are not even anticipated in the planning stage. The
heart of the monitor is the PMI' with its housing, its voltage divider
and the necessary regulated power supply. The RCA type 7326 PMI
was selected as a model for the discussions and analyses presented
in the last section. It is proposed to use this tube or its equiva-
lent in the construction of the monitor., It is a relatively cheap
and unsophisticated PMI', quite adequate for our purpose. It incor-
porates an 5-20 photosurface suited for operation at the visible HeNe
laser wavelength (6328;) and at the argon ion laser wavelengths (4880 3
and 51&5;). The 10 stage electron amplifier provides a current gain
of 1.5 x 105, more than adequate to make thermal noise in the output

circuit negligible in comparison to shot-noise. A higher gain PMT
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would be more temperamental and more difficuit to use. As shown in
the last section it will actually be necessary to reduce the gain of
the type 7326 PMI' under certain operating conditions to prevent
excessive output current. Although the monitor is to be a portable
instrument, size is not a contrclling factor, and it is felt that
the standard size PMT is preferable to a miniature version.

Various suppliers can provide shielded housings for PMI''s of
most makes and sizes. It is usually preferable to obtain the shielded
housing from the tube supplier and alter it as necessary to fit into
the design of the ultimate equipment. There would seem to be no
ble housing in the presently anticipated use of the
monitor.

Fig.IV-8 shows schematically one possible monitor configuration.
The sketch is strictly illustrative and will be referred to in the
following discussion of the functions to be performed. A small reflec—
ting telescope with folded optics is shown as the optical collector,
This is envisioned as a "Questar" (field model) telescope or equiva-
lent. The Questar telescope has a 4" aperture and an effective focal
length of 50". The physical length of the barrel of the telescope
is approximately 10". It employs a primary mirror (1) and a
secondary mirror (N&). The light collected by (P&) converges on (Mz)
which redirects it back through (Ml) to a prime focus. A field
stop (S) located at the prime focus will be used to limit the field

of view of the telescope., From (S) the collected light in the
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divergent beam is reflected off 45° plane mirrors (M!# ) and (MS) and
onto the face of the PMI'. A choppe:" (C) is located between (ML) and
(M5) to interrupt the light fed to the PMT. For the dimensicns
shown (half scale) the spot on the photocathode will be a little less
than 1" in diameter. In the telescope there is a totally reflecting
prism ( 1"5) which can be moved sc as to intercept and redirect the
beam from (Mz)' to form an image in front of the eyepiece on top of
the telescope. By the use of adjustable cross-hairs in the eye-piece
one can collimate the visable field in the landscape with the laser
beam from a transmitter when the telescope is oriented so that the
received signal passes through the field stop (S). When the system
is thus collimated the eyepiece may be used to aim the monitor at

a distant transmitter. Depending on use it may be desirable to
reduce the acceptance angle of the system to less than one milli-
radian.

A filter holder (F) is located in front of the PMI. Bandpass
and neutral density optical filters will be inserted in this holder
as required. Typical bandpass and neutral density filters which can
be obtained from the Ealing Corporation, 2225 Massachusetts Avenue,

Cambridge, Mass, 02140, among others,are as follows:
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Ealing TFP Interference Filters

Cat.No.  Price - S ts
26-525 $60.50 63284 1004  50% 10-°¢
26-527 90.50 63264 304 705 1074 (2)

26-528 185.50 63284 10A  60% 1075% (2)
26-520 185,50 51454  10A  50%  107°% (2)

(2) Free filter range ends at 1 micron.

A = wavelength
A\ = bandwidth
t = transmission in band

t_ = spurious transmission outside band.

Ealing TFP Neutral Density Filters

Cat.No. Price Density 25003 5000A 1.2 /!
26575 $40.50 .30 + .03 46.8% 50% 53.7%
26~576 40.50 .60 + .03 23.5% 25% 26.9%

26~577 40.50  1.00 + .03 9.3% 10% 10.7%
26-578 50,50  2.00 + .10 .8% 1.0% 1.2%
26-579 60.50 3,00 + .10 .08%  0.10% 0.12%
26~580 70.50 4,00 + .10 0gg 0.0108  0.012%

The mechanical chopper is mounted external to the main enclosure
and is provided with a separate removable light tight enclosure. It
is anticipated that the chopper will be removed when the monitor
isused as a simple optical receiver although one may choose to provide
a means for locking the chopper in the open position.

It is suggested that the main enclosure be fabricated from 1/8n
thick aluminum sheet with all seams welded to make it light tight.

Only the side view is shown. Overall dimensions should be approximately
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8" high x 4" wide x 18" long. One side should be removable with

quick acting screw fasteners to permit access to interior components.

L md b 2T L Sy 3
i€ DU Wil Oe drillieq

ct

A heavy aluminum alloy block welded to

BAR o et

and tapped for mounting on tripod or otherwise. Variable adjustments
in azimuth and elevation should be provided for alignment purposes.
The mechanical chopper can be constructed from a suitable
synchronous motor and a slotted disc. A motor speed of 600 rpm
appears favorable from the standpoint of noise and vibration. For
a chopping frequency of 90 hertz, the disc must be provided with 9
slots. Assuming a diameter of 4" and a slot width equal to a tooth
width the slot width is about 0.7". The diameter of the beam at the
chopper is approximately .32". The chopped output will not be a
very good square~wave but this should be of little or no consequence.
The sensitivity inherent in this monitor is greater than needed
in some phases of systems testing. This will be particularly true
when attenuation (neutral density filters) is introduced in a receiver
under test in the tunnel. On the other hand the sensitivitﬁ'of this
monitor can also be reduced by the introduction of neutral density
filters along with the narrow-band optical filter and the sensitivity
is available when needed. It is anticipated that a calibrated lamp
will be permanently installed where it can be used to perform a quick
calibration on the monitor. With this facility the change in sensi-
tivity of the monitor and recalibration are easily accomplished.

Operating with high sensitivity the monitor may be used to measure

*Monitor sensitivity is the ratio of the output current from the monitor
to the flux incident on its receiving optics.
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weak signals, background due to sunlight and other sources, the
strength of isolated sources like the moon, the stars, the planets,
etc.

The power supply for the PMI' has not been mentioned. It is
assumed that this item will be purchased. Good regulation is
essential and the output voltage should be adjustable in order that the
sensitivity of the PMT may be adjusted by varying the voltage applied
to it. It will connect to the monitor head through a suitable flex-
ible lead. A flexible lead from the monitor will also be required
for convenient metering of the output. Another lead will be required
te supply power to the chopper motor and still another to bring out
a synchronizing signal if the output measuring equipment requires
it.

The Telewave Laboratories, Inc., 43-20 34th Street, Long Island
City 1, N.Y. make a line of stock and custom built choppers and motor
power supplies. Some of their component parts may be useful in
constructing the chopper for the monitor, especially if for some
reason it is decided that a regulated adjustable speed drive is

desirable.
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C.3. CALIBRATION OF MONITOR

C.3.2 General

We will consider first the general theory and procedure to be
used in calibrating a monitor, then procede with a discussion of
calibrated light sowces and other practical details. It will be
obvious as we proceed that the thing which remains constant is the
power output of the calibrated source. The monitor is simply a
detector of optical radiation which can be expected to hold its
calibration only so long as something is not changed to affect its
sensitivity. Changes in the sensitivity of a PMT can arise from
a variety of causes, some of which may not be understandable. Thus,
a recalibration is in order if there is any reason to suspect a
change. Fortunately recalibration can be as simple as turning
on the calibrated lamp, pointing the monitor toward it, and taking
a reading of output.

The monitor will normally be calibrated with a narrow band
optical filter in front of the PMI', because it will be so used to
monitor and measure the power delivered by a laser transmitter. Even
when it is used to measure background or other non-signal power
sources we will be interested only in the power which these sources

can deliver in the passband of the filter.

G3.b. Theory of Calibration

The theory of calibration is quite simple., The standard lamp

used in calibrating the monitor will have a known output. This can
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be described in either of two ways, 1) the radiance (N) of the source
in watts/cm?/sterradian/unit wavelength interval at various wavelengths
or 2) the irradiance (H) produced on a plane perpendicular to the
line joining it to the source in watts/cm?/unit wavelength interval
at various wavelengths. In either case the orientation of the lamp
will be specified because it does not emit uniformly in all directions.
Let us consider in more detail the concepts of radiance and irradiance
and some other terms used in discussing radiation.

The total radiation from an emitting body is described as
"radiant flux" and will be measured in watts. Radiant flux density
at the surface of the emitter is called "radiant emittance" and will
be measured in watts/cm?. The radiation from a source into unit solid
angle is called "radiant intensity" and will be measured in watts/ster.
The radiation from unit area of an emitting body into unit solid
angle is called radiance and will be measured in watts/cm /ster.
The flux density on an irradiated surface is called "irradiance "and
will be measured in watts/cm?. These radiometric terms with units

and symbol are listed below.

Quantity Symbol Unit
Radiant flux P watts

Radiant emittance W watts/cn?
Radiant intensity J watts/ster.
Radiance N watts/cm?/ster.
Irradiance H watts/cm

For reference the corresponding photometric terms are:
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Quantity Symbol Unit

Luminous flux F lumen

Luminous emittance L lumens/ en®

Luminous intensity I lumens/ster. (candle)

Luminance (Brightness) B lumens/ cmz/czger.
(candles )

Illuminance E lumens/ ca®

In calibrating the monitor we will work entirely with radiometric
units but some of the data on PMI''s is given in photometric units so

the listing of these units may be helpful.

Fig.IV~9 shows the standard lamp & monitor separated by some distance
(d). A narrow band optical filter (passband = B, angstroms) is in-
serted in front of the PMI of the monitor. The calibration curve of
the standard lamp shows that it produces an irradiance (Ho) watts/cniz/.l;
at distance (do). The inverse square law applies when d > do 80 the
irradiance at the monitor in the bandwidth of the optical filter is,

= <. < } (32)
H o= HpBo =
A simultaneous reading of (H) and monitor output (amperes or volts)
establishes a calibration of the monitor at one particular power
level. By varying distance (d) calibration will be accomplished at
various power levels, It is anticipated that this calibration will
be accomplished in the optical tunnel with the monitor fixed at one
end and the lamp carried on the cart which can be located at various
points along the tunnel. The range of calibration may be extended

as desired by the use of suitable neutral density filters in the
monitor, The calibration curve will plot irradiance in wa’ots/cm2
versus monitor output. A plot of the calibration will show at a glance
the range of linearity and any abnormalities which may exist. It
will be advisable to make calibrations with normal voltage on the

PMI' and also with reduced voltage. The resulting family of calibra-
tion curves plus the use of neutral density filters will permit the
setting of monitor sensitivity in subsequent use. A re-check of a
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few points of calibration should be made each time the monitor is
used. One should not trust the original calibration curves in terms
of voltage applied to the PMI', neutral density filters used, stc.
because unexpected changes in the PMI' characteristics can occur. It
is suggested that the calibration curves show watts/ cm® versus monitar
output.

In the above discussion it was assumed that the irradiance pro-
duced by the standard lamp at a given distance is known. One may alter-
nately know the radiance of a diffuser placed in front of the standard
source. This arrangement has the advantage that the irradiance pro-
duced by the source al a certain distance can be varied over a wide
range by exposing varying amounts of area on the emitting surface.
Consider,in Fig,IV-9,that the lamp is enclosed and that several
spaced sheets of opal glass are used as a diffuser on the side next
to the monitor. The radiance of this surface is (N) watts/cmz/ster./z.
If As is the area of the surface exposed and Bo is the passband
of the optical filter in the monitor, the total effective flux radiated

into a solid angle ( - ) is

r; ' . RS g
;"/ A Ty T ¢ (33)

The area through which this flux passes in the plane of the monitor

isA= (. d2) and the power density or irradiance at the monitor is
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Thus we see that one may vary the irradiance at the monitor either by

varying distance (d) or by aperturing the source.

C.3.c. Available Sources

Available calibrated sources are offered by Gamma Scientific
Inc., 5841 Mission Gorge Road, San Diego 20, California, and Electro
Optics Associates, 3335 Birch St., Palo Alto, California, 94306. The
Gamma Scientific system is known as Model 220 Calibrated Optical Source
System (Data Sheet No. 3614). It consists of a tungsten filament lamp
and a regulated power supply. Two types of heads are available:l) the
bare lamp which is calibrated in terms of irradiance (microwatts/cm%/nm)
at specified distance, and 2) the lamp in an enclosure with a diffuser
which is calibrated in terms of radiance at the diffuser. The Electro-
optics Associates unit is known as I~101 “pectral Trradiance Standard
and P-101 Current Supply. The lamp used in this system is a quartz-
iodine lamp with tungsten filament. The iodine vapor in the quartz
envelope minimizes evaporation of the tungsten filament which operates
at about 3000°K and prevents blackening of the quartz envelope. Whereas
this system>h;s the advantage of good output in the UV, it has no
particular advantage over the Gamma Scientific system in the wavelength

region of the argon-ion and HeNe lasers. The Gamma Scientific system
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has the advantage of providing a standard of radiance and it is

recommended that this source be used for calibrating the monitor.

C.3.d. Calibration Procedure

The output curve for the Gamma Scientific radiance standard
Model 220-1 is reproduced in Fig. IV-10. To calibrate the monitor
the following procedure is followed.

1. Set up radiance standard at distance d = 262' = 8000 cms
from the monitor so that the radiating surface of the standard is
perpendicular to the line joining the monitor and the standard.

2. Cover the face of the standard with an opague card or sheet
of metal with a small (approximately 1" diameter) hole in the center
of it to establish a definite source area (As).

3. Ingert a 0.1" diameter stop at the principal focus of the
monitor telescope. This, with the 50% focal length, limits the field
of view of the monitor to two milliradians. The 1" diameter aperture
at the source subtends an angle of 1/3 milliradian so the focussed
image will easily pass through the stop opening.

4. Use the bore-sighted eyepiece on the telescope to align the
telescope axis with the line joining the source and the telescope.

If the eyepiece has not been previously boresighted with the axis

of the telescope this may be easily done at this time by centering

the image of the source in the field stop of the telescope and setting
the cross-hairs in the eyepiece to fall in the center of the visual

image of the source.

V=43



oos

06L

00.

*1-022 ToPO,i PESh; PIEpUR}y SoUBUTUM]

OTJTAUSTO; PUNED UO JSSNJJTJ JO 9OUBLP®RY *OT-AI RWNUTd

(SH3L3WONVYN) HION3T13ATM

069 C09

066

006

oSt

010] 4

10

€0’

or

WULWI/MI €96

<wwa\\

o’

o'l

o¢

("¥31s/ WU/ZWO /MJ/)30NVICGVY

IV-4k



5. Check out the optical chopper and connect the output metering
equipment (wave analyzer or synchronous detector).
uhe MMI with chopper running and measure
output (current or voltage) of the PMT and calculate irradiance at
the monitor. The irradiance in watts/cm? in the passband of the
optical filter permanently installed in the monitor is calculated
from the standard source information, the area of the source (A s)’
the bandwidth of the optical filter B, and the distance (d) from
the source to the monitor, according to equation (34).

7. Vary irradiance at the monitor by varying the aperture area
of the source and record corresponding values of irradiance and
monitor output. Change (d) also if necessary.

8. Plot Calibration curve of irradiance N(watts/cmz) versus

monitor output.

B.3.e Investigation of Magnitudes

The PMT is inherently a sensitive device and when combined with
a 4" diameter telescope as it is in the monitor it provides an extremely
sensitive radiometer. Things will go more smoothly in the initial
calibration if one knows approximately what to expect.

The curves of Fig.IV-7 show that with a noise bandwidth of 10
hz., the minimum power which we expect to measure at the photocathode
is 10"1‘3 watts., The maximum power that we will be able to measure

without exceeding allowable anode current with normal voltage on the
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tube is 10-8 watts. This is a range of 50db. If we assume a 40
percent efficiency in the optics including the narrow band optical
filter and assume a 4" telescope aperture, the limiting values of

h¥e

watts/cm2 and 3.1 x 10°*"

\n

irradiance at the monitor will be 3.1 x 107t
wa‘t.ts/cm2 respectively in the passband of the monitor. We will

assume this to be 100 ;«- The radiant source has a radiance of

0.563 x 1076 watts/cmz/nm/ ster. or 5.63 x 1078 watts/cmz/ster/g. If

we substitute this value of (N) is equation (34) along with (As)

in cnaz based on a 1" diameter source, Bo = 100 z., and d = 262' =

8000 cms, the irradiance (H) at the monitor is found to be 4.47 x 1013
\«ratt:s,/c:m:2 in the 100 ; optical passband of the monitor. This is

about midway between limiting values of (H) which the monitor can

10 watts/ cm2. The

accept; namely 3.1 x 1071 watts/cm2 and 3.1 x 10~
choice of a 1" diameter aperture at the source and a separation of
262' (through the tunnel) are good choices; i.e., they are compatible
with the sensitivity of the monitor. The monitor can be calibrated

over the complete range of powers by varying (As) and/or (d) as

necessary.
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D Optical Configuration for All Tunnel Testing

D.1l General
ittt
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tunnel. The most natural arrangement is the location of the trans-
mitter at one end of the tennel and the receiver at the other. This
arrangement is also satisfying because we are transmitting information
from one point to another in the usual manner. It would appear,
however, that some definite advantages result from placing the trans-
mitter and receiver side by side at one end of the tunnel and using
retro-optics to return a fraction of the transmitted beam to the
receiver. Connections can be made directly between transmitter and
receiver for any purpose whatsoever and in particular a short length
of coax between transmitter and receiver can be used instead of a
hard line running the length of the tunnel for comparing transmitted
and received signals. The side by side arrangement also places all
operating personnel at one location thus facilitating communication
and permitting flexibility in performing tasks. It's only disadvan-
tage is that it inverts "ones" and "zeros" but this can be accounted
for in the receiver. It is assumed that the retro-optics, once setup
and adjusted, will need little or no attention in subsequent systems
testing.

The purpose of this section of the report is to describe the
optical arrangement for systems testing in the tunnel with special
emphasis on the design of the retro optics. Basically, it is pro-

posed to diverge the transmitted beam so that the beam diameter at
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the retro end of the tunnel is 6' and to so design the retro-optics
that the returned beam is 6! in diameter at the receiver. The size
of the spots is obviously not critical so long as they are large
enough to comfortably include the retro optics at the one end and the
receiver optics at the other. Since range is limited in the tunnel
(2 x 262! = 524') attenuation of some kind must be introduced. It
seems logical to use divergent beams to provide part of the needed
attenuation and at the same time allow maximum freedom in the location
of optical components in the beams.

Although the monitor described earlier will be used to measure
the absolute power level at the receiver under test, a knowledge of
the beam structure at the receiver will be of interest. It is suggested
that this information may be obtained by scanning the beam with a moni-

tor or a simple uncalibrated optical sensor.

D.2 Optics for Expanding Transmitted Beam

Tt is anticipated that the standard optics in the transmitter
might be adiusted to provide the desired divergence in the transmitted
beam. If this is not practical, a combination of lenses to be des~
cribed may be inserted in the output beam to perform this function.

In Figure IV-1ll, assume a parallel beam entering lens (Ll) from
the transmitter. Lens (Ll) focuses the beam at (Pl) and the diverging
beam beyond (Pl) is intercepted and partially recollimated by a second
lens (L2). The exit beam has the desired divergence angle ( ¢{ ) radians.

To accomplish this, (Pl) must fall inside the focal distance for (L2)
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FIGURE TV-1l. Ream Mivergine Optics

and it is convenient to write d, = f(1-A) where A << 1. The virtual
image formed by (L2) is at (P2),a distance (d2) to the left of (Pl)

where d, = D/ol.. We will neglect the fact that the diameter of the beam

2
at (L2) is slightly less than (D) because it does not affect the result

appreciably. From the standard lens equation,

!
dl A 'F‘ (35)

we obtain
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The minus sign on the second term results because (Pl) and (P2)
are on the same side of (L2), and (dz) is therefore negative. Solving

for (1-A) we have,

D ST
(”A) T DLt AN
and since A <<1,

A = (36)

The ratio f/D is the f number of the lens and a reasonable value,

regardless of diameter, is f/D = 4., We can therefore finally write
A T, (37

We want a beam diameter of 6' at a distance of 262! which corres-
ponds too = ,023 radians, or A = .092. Thus with L, located so that
(Pl) is about 10% inside the focal distance of (L2), the desired beam
divergence will be obtained., The length of this assembly is about
eight times the beam diameter which is not prohibitive. It can be

shortened by using one negative and one positive lens of different

focal lengths.
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D.3 Retro Optics

A diagram of the retro optics is shown in Figure IV-12. A front
surface spherical concave mirror Ml is used to intercept and redirect
a fraction of the transmitted beam., The flux intercepted by Ml is
focussed at point (Pl)' The divergent beam from (Pl) is intercepted
by a short focus positive lens (Ll) which recollimates the beam
partially to provide the desired beam angle (o4 ) in the beam directed
back to the receiver. We will establish the size and spacing of the
optical elements. The focal point ( Pl) will remain fixed in space
and the spacing of (Ll) relative to ( Pl) may be used as a means of adjust-

ing beam divergence. Calculations will be based on obtaining a spot 6!
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in diameter at the far end of the tunnel, 262! or 3140" frcm the

mirror (Ml) .

The mirror (Ml) is assumed to have a diameter of 6" and a focal
length of 48" because this is a standard size used by amateur astonomers
and is readily available at low cost. In fact one can simply buy a
standard telescope and modify the front end to mount lens (Ll) on a
bracket similar to the one normally used to mount the star diagonal.

The location of (Pl) is determined by applying the standard

lens formula

T o 2 (38)
= "
db 3140
fm = [’Bn
d, = 48.8"

To obtain a divergent beam to the left of (Ll) we place (Ll) a
distance d, ¢ f from (Pl) where (fL) is the focal length of (Ll)'
Lens (Ll) then forms a virtual image of (Pl) at (P2) distance (d3)
behind (Ll). Because (Pl) and (P2) are on the same side of (Ll) the
applicable lens formula is,

e .- e

-y A. jp (39)
We are free to choose the focal length of (fL) and a reasonable
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value is fL = )1, (Other relationships, obvious from the geometry

are, &
. 2
Dy d)
Dl = 6 1"
dl = 1‘8. an

- = 0’. = —— = 0229

Substituting, D2 = ,123 d2

gives, d, = .186 d

2 3

Using this relationship in equation (39) with f; = L gives,

D3 = 17.511
d2 = 3.2&"

The diameter of the beam at (Ll) can now be calculated and is found

to be 0.40n,

We are now able to completely describe the retro optics. (Ml)

is a 6" diameter spherical mirror with a focal length of 48", Lens

(Ll) is a positive lens with a usuable aperture of 0.40" and is to

be located a distance d, + d, T 52.0" in front of ().
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These optics should be mounted in a tube approximately 7" in

diameter provided with a base adjustable in azimuth and elevation.

In systems tests this assembly will be used to collect light from

the transmitted beam and redirect it to the receiver. The alignment
is not particularly critical because the only requirement is that the
returned spot shall cover the receiver. The receiver must, of course,
be aimed so that the image of the source falls in the field stop
aperture of the receiver,

The total power attenuation resulting from the fact that only
part of the beam power is intercepted by the retro optics and only
part of the returned beam power is intercepted by the receiver is
easily calculated., If the receiver, as well as the retro optics, has
a 6" diameter aperture, the attenuation is 2.08 x 101" or 43.2 db, This
does not appear to be a prohibitive amount of attenuation for any of
the contemplated systems tests, but if it should prove so, the
attenuation can be reduced by reducing beam divergence. This is easily
accomplished by increasing slightly thespacing between (Ll) and (Ml)'
The lens (Ll) should be adjustably mounted )in any case.

The simplest test configuration obtaing when the doors of the
tunnel can be left open. This is possible only when the transmission
medium is room air at atmospheric pressure. The effects of turbulent
air or temperature gradients can be studied in this mode of operation

and one can conceive of simulating clouds or fog by various methods

Iv-54



to study their effect on the transmission of the optical path.
When it is desired to operate the tunnel at low pressure or with
atmospheres other than air, it will be necessary to operate either
with the transmitter and receiver inside the tunnel or operate
these outside the tunnel by use of the optically flat windows
provided in the doors of the tunnel. There appears to be no
reason why the retro optics cannot be located in the tunnel. A
possible problem might be the reflection of light from the inside
surfaces of the door at the retro end of the tunnel. Reflections
off diffusing surfaces tend to destroy thepolarization of polarized
optical beams and this could show up as noise when testing the
PCM/P1 high data rate system. In any case, a highly absorbing

backdrop should be provided behind the retro optics assembly.
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E Test of Simple Optical Communication System in Tunnel

1. Configuration and Test Equipment

It is proposed that NASA set up a simple amplitude modulated optical
commumnication link in the tunnel using the available Spectra-Physics Model
125 HeNe laser and Model 320 Pockel's cell modulator as a transmitter and one
of the PMT monitors described in earlier sections as a receiver.The monitor
will be used without the chopper and a relatively broadband tuned output cir-
cuit will be provided. The HeNe laser is to be operated at the visable (6328;)
wavelength. The transmitter and receiver will be operated side by side with
retro optics at the far end of the tunnel to return a portion of the trans-
mitted beam to the receiver. The testing of such a system is recommended
because it will provide experience in quantative testing which will be val-
uable in the subsequent testing of more sophisticated systems and will also
provide valuable information on the characteristics of PMI''s operating near
the quantum limit, It is essential to know that the PMI' performs according
to theoretical predictions in the quantum limit before one tries to analyze
the performance of more complicated systems like the NASA-Hughes PCM/PL
high data rate system. A separate monitor operating in the normal monitor
mode will be located alongside the monitor-receiver and will be used to
measure average power density incident on the receiver. The monitor will
have been previously calibrated using the standard lamp and procedure dis-
cussed in section IV.C.3. The standard lamp should be permanently mounted
so that it can be used to recheck the calibration of the monitor from time
to tinme.

Pockel cell modulators are discussed extensively in the literature

but a short discussion will be given here for the sake of completeness.
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The arrangement used to amplitude modulate a light beam is shown in

Figure IV-15. R consists of a first polarizer {P) an electro optic crystal

(C), and a second polarizer called the analyzer (A). The polarizer and
analyzer have their polarizations crossed so that no output is obtained

when the crystal is inactive, i.e., when no voltage is applied. The
application of voltage to the crystal changes the situation so that at

least some of the light passed by the polarizer can also pass through the
analyzer. By varying the applied voltage, varying amounts of light output

can be achieved and the device can therefore operate as a modulator. The
applied voltage does not simple shift the plane of polarization of the
plane-polarized beam as it passes through the crystal as one might suspect,
but rather produces an elliptical polarization with a component having the
correct polarigzation to pass through the analyzer. This action will be
explained by reference to Figure IV 14.The S-F axes shown are the so-called
slow and fast axes of the crystal. The velocity of propagation of a plane
polarized wave through the crystal depends on the plane of polarization.

A wave whose plane of polarization coincides with the (S) or slow axis will
have the minimum velocity of propagation and a wave whose plane of polarization
coincides with the (F) or fast axis will have the maximm velocity of propa-
gation. There are other axes which correspond to intermediate propagation
velocities but it is convenient to use the two axes specified and any plane
polarized wave can be resolved into two components - one component parallel to
each of these axes. The plane of polarization passed by the polarizer is indicated

by the 45° dotted line marked (P) (Fig. IV-14). The plane of polarization

V=57



FIGURE IV-13. Pockel's Cell Modulator
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passed by the analyzer is indicated by the other dotted line marked (4).
It is desired to calculate the output intensity (Iz) in terms of the output
of the polarigzer (Il) and the voltage (V) applied to the crystal. We are
purposely a little vague about how this voltage is applied becuase various
arrangements may be used and it is undesirable at this time to get into
such a detailed discussion. By using Il as the output of the polarizer we
make the analysis sufficiently general to apply to the modulation of an
ordinary unpolarized (randomly polarized) source or a plane polarized source
like a laser. The reader has probably already observed that the first polar—
izer is actually not essential when a laser source is used. It can, however,
help to improve the extinction ratio (ratio of maximum to minimum output
signal) and is therefore generally used. When it is used it and the other
components in the modulator must be lined up with the polarization of the
source, Consider now the quantitative relationships which can be derived.
The intensity (Il) can be expressed in terms of electric field strength

(El) and vice versa.

7 o)

[ (41)

El = peak value of the sinusoidally varying field strength.

Il = optical intensity or power.

~
]

a constant of proportionality.

IV-60



The quantity El (a space vector) can be resolved into components E, and E3

along the slow and fast axes. We can write time varying functions corres-

ponding to E2 and E3 as,
& ‘
£, = __r_,/_ Den T (42)
&
: ) .
é?\g = }:;l it :fL!Zf (43)
B o

If these propagate through the crystal at the same velocity they reach the

analyzer in phase and reconstruct the plane polarized wave

(_,& ;= é_ / L .")“} .;’Z'l..)Z.L (44)

coinciding with the plane of the polarizer. This plane-polarized wave ob-

viously cannot pass through the analyzer which is polarized at 90° to this

plane. The same conclusion is reached if we think of E2 and E3 being projected on

the dotted line (A), corresponding to the polarization plane of the analyzer.

In this case we write two time functions,

€4 — & din wl (45)

———

2

e = - &1 T
o (46)

The sum of these is a wave polariged in the (A) plane which can be passed

by the analyzer and contribute to output (12), We will write this as,
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9:€d+(«e- 47)

and note that it is zero as it must be if there is no phase shift through

the crystal. If we take into account the fact that E 4 arises from E 2 and

E_ arises fromE_ and that in general E2 and E_ will not be in time phase

5 3 3
because of the difference in propagation velocity for the two polarizations,

we get a general expression for e_ which is not patently zero, i.e.,

2
_“/ _/ r A ' a e v
2 - -
which can be transformed by a trigonometric identity to
9 o p . /‘ ’Z)‘ . / Y , ‘/. % .
£~ - £ 4 L L6 —/—' - (49)
-2 - Ly dir ( “7 0 >

We note that this is a sinusoidally varying function of amplitude (E1 sin T )e

The fact that the time varying function has shifted to a cosine function and
contains a phase angle is inconsequential. We can write the output intensity

as,

T - E m 0 (50)
5

and from eq. (40)
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-3 / ( (51)
where ( .-) is the relative phase shift in radians between the slow and the
fast components. The Pockel's effect shows that phase shift is proportional
to voltage (V) applied to the crystal and if we use (Vo) to indicate the

voltage required to cause a shift of 7T radians, eq. (52) becomes

— 2 %

-7 N // 77—- >
= Oty | -
‘L& ‘[/ ¢ N S _‘7; (52)

This output function is plotted in Figure IV-J5 To obtain symmetrical

operation as a modulator it is clear that one should bias the modulator to

the voltage V 0/2’ The same effect can be accomplished by inserting a

qQuarter-wave plate anywhere between the polarizer and the analyzer and

this is generally done. Sometimes a voltage bias is used and automatically

varied to maintain the proper operating point O! in spite of the effect

of temperature variations, etc., which tend to shift the point of operation.
The monitor used as receiver of the amplitude modulated transmission

will be provided with an output circuit as shown in Figure IV-16. This is a

simple parallel tuned circuit which will be tuned to resonate at the modu-

lation frequency. The bandwidth of the circuit will be arbitrarily varied
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by varying (R) and (C),with (L) chesen to maintain the desired resonant
frequency. An amplifier is used to prevent loading of the output circuit
of the PMT and to provide amplification as needed. It will be recalled
from an earlier section that the signal bandwidth of the parallel tumed
circuit is,

A 'F = f (53)

e————

Q

and that the noise bandwidth is,

/

Also it can be shown that (B) is related to (Af) by

7 d
B = gﬂ% (55)

In testing this simple link we will be primarily interested in
quantitative measurements of signal and noise levels and S/N ratio in the
output circuit as a function of average optical power input, modulation
index, etc. Since in general noise will always be present in the output
it will be necessary to measure signal plus noise (S + N) and noise (N)
separately and from these calculate (S/N) ratio for comparison with pre-
dicted values. The measurable quantities are current or really average

—_—

squares of current X Thus, when we measure (S + N) we measure IS+N and

when we measure (N) we measure Inz. Since we think of (S) and (N) in
#* Using a thermal ammeter, as shown in Figure IV-16.
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terms of power,

‘”_AS

~

and /\/ ~o ulzgf

Also}since there is no correlation between signal current and noise current

———e

! —_ 2 ;
SVZN ~J “/“'S “IL‘ _Z:/

and we obtain signal by subtraction

PESESERE

Z
< A I 2 - Ih/
-

S+

and the measured S/N ratio is calculated from

—_ =5
Lsin -4

T N?‘ (56)

We are not interested in absolute power levels in the output so long as the

power is adequate for making measurements and at such a level that subsequent
circuits do not degrade the S/N ratio at the output of the PMI. The contri-

bution of noise by the resistance of the output circuit was discussed in

detail in Section IV.B.l.

D.2 Optical Noise Sources
Although optical noise sources might well be included under test equip-

ment they are discussed under a separate heading because reference will be
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made to this section in other parts of the report.

An optical noise source is easily provided. Any black body or grey
body emitter capable of putting out sufficient power in the narrow bandwidth
of the receiver may be used as an optical noise generator. A tungsten fila-
ment lamp has the advantages of being readily available in suitable sizes
and convenient to use, With the noise source located at an appropriate
distance from the receiver, the irradiance at the receiver can be measured
by use of the monitor. Knowing the irradiance at the receiver and receiver
aperture as well as the transmission of the receiver optics one may calculate
the power incident on the photocathode of the PMI', The reader is reminded
that this is not all noise power. The constant optical input signal liberates
a current (I) at the photocathode and it is only the shot noise associated
with (I) which shows up as noise in the output of the PMI'., This duplicates
exactly the condition which we are trying to simulate, i.e., the noise intro-
duced by a constant background such as that provided by scattered sun light
or the light from a planet in the view of the receiver. Obviously)we simlate
the condition accurately if the total power from the lamp source falling in
the optical pass band of the receiver is equal to the total power supplied
by the natural noise source in the same band of optical frequencies. In con-
sidering extended sources the field of view of the receiver must also be con-
sidered.

D.3 Test Procedure

No attempt will be made to specify a strict test procedure beyond a
few obvious steps which must be taken to get under way. The ultimate goal
is to gain experience in the quantitative checking of a simple system and

to verify the results predicted in Section IV.B and particularly the S/N



ratio curves of Fig. IV4, or similar curves calculated for the PMI finally
chosen for use in the monitor and the monitor-receiver. Even if the RCA 7326
PMI' is used,the curves of Fig.IV-4 should be recalculated on the basis of the
most accurate obtainable values of quantum efficiency and dark~current.

The single frequency modulated onto the optical carrier may be thought
of as a sub-carrier which may in turn be frequency modulated or amplitude
modulated for the transmission of information. The measurement of signal
bandwidth available and (S/N) ratio, or carrier/noise (C/N) ratio,which will
be approximately equal to (S/N) ratio, determines, according to information
theory, the amount of information which can be transmitted over the channel

in a given time,

A tentative test procedure will now be outlined,

l. Set up transmitter, receiver, and retro optics in the tunnel.

2. Use diverging optics as necessary to obtain a beam diameter of 6t

at the retro end of the tunnel. (Extreme caution should be excercised

to guard against eye damage to personnel.) It will be helpful to

observe the transmitted beam on a white card held in the beam, first
at close range, then progressively further down the tunnel, At a
distance of 20! a 5.5" diameter spot will correspond to a 6' (72")
diameter spot at the far end of the 262! long tunnel. Since beam
divergence does not enter in any critical way into the quantitative
testingzadjustments based on such an observation should be adequate.

The beam should next be centered on the retro optics and this can be
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3.

4,

accomplished by a combination of sighting and viewing the spot at 20!
on the white card.

Adjust retro optics to return a 6' diameter beam in the plane of the
receiver and centered on the receiver. The card and sighting technique

used above should be adequate for the purpose.

Set up monitor by the side of the receiver. Allign the monitor so
that the image is in the beam (retro optics create an apparent point

source at distance of 262! from monitor). Do not look into telescope

eye-piece when transmitter is operating. A flood light in the vicinity

of the transmitter and directed toward the far end of the tunnel may be
safely used. The image in the beam should be located in the cross hairs

in the telescope by adjusting the aximuth and elevation of the monitor.

Final adjustment can be accomplished by observing monitor output with

transmitter energized. It is assumed that the monitor has been pre-
viously calibrated using the standard lamp (see Section IV.C.3) Whereas
the divergent beams provide some attenuation over the link, neutral
density filters will probably be required in the monitor to prevent

overloading.

5. We are now in a position to make a quantitative check on the system.

Using the E.G. & G Light Mike set the transmitter output (unmodulated)

at 10 VW. Neglecting losses in the system/use beam divergence and the
apertures of retro optics and monitor to calculate the power which should
be collected by the monitor. Introduce neutral density filters to bring
the power incident on the PMI within the operating range and take a
reading. Compare the observed and calculated values. They should not
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differ by more than a factor of two and the measured value should be lower
because of losses. A number of simple experiments like this may be under-
taken to gain familiarity and establish the validity of procedures.

Align receiver so that the image in the received beam falls in the field-
stop aperture. Measure S/N ratio as a function of average power incident

on PMT, modulation index, etc., to check predictions. Greatest emphasis will
be on results in the region of near quantum limited operation. In these tests
the optical carrier will be amplitude modulated at a single frequency (1-4 mc)
and the output circuit of the receiver will be tuned to be resonant at the
modulating frequency. There is considerable freedom in procedure. One may,
for instance,set a constant power level at the transmitter and measure (s/N)
ratio as the modulation index is varied from zero to 100%, or one may hold
transmitter power and modulation index constant and vary bandwidth at the
receiver output. Or one may simply measure noice output with a constant

C.d. noise signal (any tungsten lamp or one of the calibrated lamps if

this is more convenient) as bandwidth is varied. Absolute noise measurements
can be made by providing a known sinuscdially varying signal from the
transmitter for comparison.

Clearly one may operate the receiver in the near quantum limited mode
with low S/N ratios and low power input or with high input levels and high
S/N ratios. He may alsoc operate the receiver with large signal input and
low S/N ratio by the use of a strong background noise source. The optical
receiver will usually be equipped with a narrowband optical filter.

D.4 Data Collection and Processing

The tests considered here were so simple and the data so easily plotted
in curve form that special consideration of methods seems almost superfluous.

After some of the preliminary testing is over and the system parameters have



been established it may be desirable to provide for automatic variation of
some parameters and automatic recording of results. Such a decision should

be made after testing is underway.

D.5 Predicted Test Results

The methods for predicting results are described in Section IV.C.
The predicted results will be calculated values of S/N ratio at the output
of the receiver under various conditions of operation.as discussed under D.3,
Test Procedures. Test results should agree fairly well with predicted results.
If they do not it becomes necessary to examine things more closely to ascertain
the reason. Followed to an extreme this can be an unending and unprofitable
undertaking. One must therefore decide on the basis of common sense when the

agreement between predictions and test resulis is good enough.
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F, Test of laser Communication Theory in the Tunnel, Using PCN/PL Modulation
This test is designed to allow testing of the actual performance of

PCM/PL modulation of a laser transmitter, and to obtain results which can
be compared with those predicted in the Final Report on NAS 9-3650 for
PCK/PL at various modulation indicies. The basic system that will be used
in this test is the Hughes 30 megabit/second laser communicator, but it
will be modified to operate a a bit rate compatible with the limitations

of exdisting "off the shelf" test equipment. Complete details of this modi-
fication are contained in Paragraph 3 of this test plan.

1. Configuration

The optical configuration for this test will be the same as that
used for other tunnel tests, as described in Part D of this Section. How-
ever, the electronic test configuration is different from that used for
analog testing of a laser communication system, since the objective of this
test is to measure error rate as a function of the average signal energy
and average noise energy/decision.

The basic test configuration is shown in Fig. IV-17. It will be

noted that the transmitter clock is connected directly to the decision

circuitry in the receiver and that the modulating signal at the transmitter
is used as a reference for detecting bit errors at the output of the digital
portion of the Hughes receiver. The clock output and the modulating signal
are delayed, in coaxial cables, before they are applied to the receiver and
comparator, respectively, to allow for the time delay introduced by the two
way transmission of the laser beam through the tunnel and to allow for the
reversal in sense of polarization that occurs when the optical signal is
reflected at one end of the tunnel (transmitted "ones" are received as
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FIGURE IV-17. Test Configuration

Parreewn Mobucarsa) OPTICAL
GenerATOR pewe MoourLa
(HOGHES
OuTRIT
Peravy
Decay Linve *2
LInEP] ! (RG-58)
(ec-s8) |
|
|
ERRoOR ReFerence L BIT
c 2 Crock Yy (EVENT)
ouNTE J COUNTER
i CLock CwEAN Vibeo PMT
l CompPm- VIDEO
\ mes CIRCUITRY Ar PS,
KA TOR
” (Hugres) (HUGHES) pHMT

Iv-74




"yerost and "zero" are received as "ones").

The comparator, which is shown as a block in the test configura-
tion, is actually an exclusive OR circuit. It detects, at the time of a
clock pulse, whether or not the received signal and the reference signal
are of the same polarity. If they agree, the comparator does not generate
an output signal. However, if the polarities of the received signal and
the reference signal disagree (an error), the comparator generates a pulse
whose width is a small fraction of a bit time. The necessity for these
short error pulses, as compared with a bit time, comes from a requirement
that the error counter be able to count successive errors. If the comparator
output were as long as a bit, or longer, two adjacent errors would look
like a single error (event) to the error counter.

Al1 the basic electronic elements in this test configuration,
with the exception of the comparator are available as standard test equip-
ment, provided the bit rate is held to less than 1 megabit/sec. Also, at
digital data rates of less than 1 megabit/sec the comparator can be
implemented with standard test equipment and system calibration is relatively
insensitive to the exact lengths of the delay lines. As will be seen later,

at 30 megabits/second some of the test equipment is not available, system

calibration becomes critical, and implementation of the comparator represents
a major development program. Since this test is intended to provide infor-
mation pertinent to the theoretical performance of PCM/PL modulation, and is
not intended to test the digital performance of the Hughes system at high
data rate, Westinghouse is recommending that the pattern generator be
operated at 1 megabit/second, or less.

The comparator will be implemented with standard digital gate

circuits and flip-flops, as shown in Fig. IV-18. It operates in the follow-

ing manner: .
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1) If the reference signal and the receiver output correspond, the
output of the difference amplifier is zero (essentially) at the end of

a received bit. In this case, both gates 1 and 2 are disabled, so the
combination of the clock input to gate 3 and zero volts results in no
drive for the flip-flop. No error pulse is generated.

2) If the reference signal is a “"one", while the receiver output

is a "zero", the difference amplifier has a positive output. This
positive output signal enables gate 1, supplying a positive voltage to
gate 3. This voltage, and the clock pulse, enable gate 3, and a

drive is supplied to the one-shot flip-flop. This flip-flop then cycles,
generating an error pulse. Note that the length of the error pulse,
which should be less than one half the duration of a bit, is determined
by time constants in the flip~flop. Its sh:
shape of the received pulse or the clock pulse.

3) If the reference signal is “zero", while the receiver output

is a "one", the difference amplifier has a negative output. This
enables gate 2, supplying a negative signal to the inversion amplifier.

There, the sense of the signal is reversed, so that a positive signal

is supplied to gate 3. This positive signal, in combination with the
clock pulse, enables gate 3. This drives the flip-flop producing an
error pulse.

The RC circuits shown at the input to the difference amplifier are
used in place of the conventional integrate and dump matched filters to
maximize the signal to noise ratio of each signal at the input to the
difference amplifier, These circuits should have their 3 db bandwidths

adjusted so that they are equal to the bit rate. No specific values
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of R and C are quoted, as these depend upon source impedance and load
impedance. EKC filtering, rather than the "ideal" matched filter, is
being recommended for inclusion in the comparator on the basis that in
simpler to implement and more reliable than the ideal filter, while being
within 1 db of it in performance.

2. Test Equipment

Now that the basic electronic configuration for testing of a
PCY./PL laser communicator at 1 megabit/second, including the comparator,
has been discussed, specific equipment for implementing this test will
be defined. The requirements for the bit counter and the error counter
are that they can count events that are less than 1/2 microsecond in
duration and that they have good long term stability, to allow accurate
counting of the total number of bits transmitted in a test and the
errors detected in a given test. These requirements can be met, at
data rates of less than 2 megabits per second with Hewlett Packard
5233L Electronic Counters, or equivalent commercial test equipment.
At very low error rates, two of these counters will be required for
instrumentation, as shown in Fig. IV-17. At somewhat higher error

rates, as would be expected in noise limited or quantum limited testing,

only one 5233L counter is required. The output of the pattern generator
is connected to "Input B" of the counter and the output of the comparator
is connected to "Input A", Then the counter is set in a ratio mode, to
read the ratio of errors to events (or bits).

The recommended delay lines are standard RG-58 coaxial cable.
The basic test setup shows two delay lines, each of which has a delay
equal to twice the propagation delay in the optical tunnel. Therefore,

these lines are approximately twice as long as the tunnel. If a simple
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pattern generator, delay lines much shorter than these can be used,

and we recommend this arrangement to minimize pulse distortion on the

delay lines. Using this simple pattern, the delay lines are trimmed

to the proper length by observing, on a dual trace oscilloscope, the

time relation between transmit pulses and clock pulses at the receiver.

A Techtronics 585 oscilloscope with a dual trace preamplifier can be

used to make this adjustment. Proper line length is achieved when a

clock pulse out of the delay line and the end of a bit coincide, as

described in the operations manual for the Hughes PCM/PL receiver.37
Finally, we come to the test pattern generator. This is, in

theory, a 1 megabit/second square wave generator. However, we have an

additional requirement. It must alsc supply the clock pulse that drives

the decision circuitry in the PCM/PL receiver, and this pulse should occur

near the end of a bit. This requirement, and the 1 megabit/second pulse

repetition rate can be met by using a Hewlett-Packard 215A Pulse Generator,

or equivalent, as the pattern generator. Using the HP 215A, the time

relation between a pulse and a trigger pulsé®can be controlled. Since

the trigger pulse is related to one polarity pulse, only, while-we need-

two polarities and a trigger pulse for each polarity, the following
modifications to this generator must be made:

Add a one stage JK (bistable) flip~flop to the output of the
pulse generator. This flip-flop will produce a positive output voltage
for the first 10 in a sequence, with a trigger pﬁlse associated with the
cne. Then, during the next 10 period, it produces zero output voltage

with the trigger pulse associated with the 1. Delay internal to the

*#The terms "clock pulse" and "trigger pulse" are used interchangibly in

this report. Iv-79



pulse generator allows alignment of the trigger pulse with the output of
the flip-flop. This flip-flop is a standard divide by two, unipolar
output, 2 megacycle piece of digital electronic equipment. It is
available as on "off-the-shelf™ item.

3. Additional Instrumentation and Equipmen. Modifications
In parts of 1 and 2 of this this test plan, we have described the

modifications of test equipment and the non-standard test equipment
required for electronic instrumentation of this test. The significant
modifications and developments for the electronic equipment are as
follows:

a) Develop a bit comparator, capable of working at 1 megabit/
second, for detection of errors.

b) Add a divide by two, unipolar flip-flop to the output of

c) Cut delay lines to the proper length, so that the time delay
for two way transmission of the optical signal in the tunnel is compen-
sated.

In addition, certain modifications of the Hughes PCM/PL system

are required. The test has been designed to minimize these modifications,

but the analog input, digital transmission, analog output format cannot
be used for testing of the theory of laser communications. It is proposed
that the following changes be made to the Hughes equipment:

a) Disconnect the present coaxial cable input to Ql on the
modulator driver, and connect the output of the pulse generator to

the same points.
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b) Disconnect the BNC input to the phase locked clock from

the threshold detector. Connect the delayed clock from the pattern

generator to this connector on the phased locked clock.

¢) Disconnect the BNC PCM Video Output Line from the Matched
Filter. Connect this Video Output (Clean Video) to the Bit Comparator.

A1l other circuitry in the Hughes PCM/PL system should be left
in its present configuration, for tests of optical communication theory
at modulation indices of less than 50%. For those tests where a modulation
index of more than 50% is desired, further modifications will be required
at the transmitter. During those tests, the cutput of the pattern
generator should be connected to the input of a DC to 2 MHz BN power
amplifier, that can deliver at least 75 volts peak (push-pull) into a
120 pfd load. The output of this amplifier is then connected (through a
bias) to the modulator's drive terminals, in place of El and E2 from the
modulator driver. The bias, a direct current source, should be used in
series with the amplifier output to bias the modulator with 68 volts. In
this mode of operation the modulator mode servo is inoperative, so care
must be taken to ensure a symmetric polarization and a constant percent
modulation. This will be elaborated on in the next part of our recommended
test plan.

In addition to the electronic test equipment required for this
test, optical signal level monitors (described in Part C), neutral density
filters for controlling the received signal level, and a calibrated noise

source for injecting a known amount of noise power into the receiver optics

(over the spectral band of the receiver's optical filter) are required.
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L. Noise Sources

A separate noise source for reducing the system to noise limited
operation will only be required for those tests of communication theory
where modulation of the laser is greater than 504. The Hughes PCM/PL
system, in its present configuration, does not permit a modulation index
of more than .5, so all tests carried out without a new modulator driver
can be conducted without a separate nolse source. In these tests, the
self-noise in the system introduced by the unmodulated portion of the
laser energy will act as the background noise that limits the system
performance (both during quantum limited and noise limited tests). It
is expected that during these tests, with m <§ .5, quantum limited operation
will not be observable. The noise in the signal and the noise in the
photomultiplier detectors will probably limit significant testing to a
noise limited operating level. This prediction is based on observation
of the operation of the Hughes system at 30 magebits/second, where detector
noise is significant, but theoretical predections for large polarization
errors (Polarization errory 45°) agree with this conclusion.

At higher modulation indices (m >'.5), a separate noise source
must be supplied for varying the system conditions from quantum limited
operations to noise limited operations. Typlical background noise sources
are discussed in Part E of this Section. They can be used for operating
the 1 megabit/second PCM/PL system in a controlled noise environment, at
| the higher modulation indices., It should be noted that a background noise
source is not really needed for quantum limited testing of laser communi-
cation theory, even at 1 magebit/second and m = 1. The photodetectors
contribute enough noise to an input signal at the receiver to make quantum
limit system operation difficultlaccording to theoretical predictions.
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5., System Alignment and Calibration
Optical System alignment for all tunnel testing was discussed

in part D of this section. Optical alignment is the same for all
tunnel testing.

Electronic alignment consists primarily of adjusting the lengths
of delay lines 1 and 2 so that received "ones" correspond in time with
transmitted "ones" and so that the trigger pulse into the phase locked
clock is positioned near the end of a bit. It is suggested that alignment
of the electronic system should be done at high signal levels, with no
background noise source, and at the highest possible per cent modulation.
All alignment is done with a Tectronics 585 dual trace scope, or equivalent.
In order, the electronic alignment steps are as follows:

1. Connect one trace of the oscilloscope to the output of delay
line 2, and connect the other trace to the video input jack of the
matched filter in the Hughes PCM/PL receiver. Do not connect the trigger
pulse to the phase locked clock input. AdJjust the length of delay line
2, using a variable delay line, similar to a General Radio 314 - 586,
until the two patterns are in time synchronism.

2. Connect one trace of the oscilloscope to the output of delay
line 1, leaving the other connected to the video input jack of the matched
filter. Using a second variable delay line, adjust the time of occurrence
of the clock pulse out of the delay line until it coincides with the end
of a pulse. \

3. Connect the outputs of each delay line as shown in Figure IV-17,
and check the error rates counted on the error counter. If this is greater

than one error/lO6 bits, readjust the length of delay line 1 to minimize
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the error rate, as measured by the electronic instruments.

Next, we come to system calibration. Optical calibration is
essentially the same as that used in part E of this section, except
that the percentage modulation must be monitored while running tests
at modulation indices greater than .5. Other optical calibratioﬁs
include:

a) Measurement of the absolute background noise power density
at the optical receiver

b) Measurement of the absolute laser power density at the
optical receiver,
These calibrations will be done at a reasonably high received power level,
and then the received signal level will be decreased by using calibrated
neutral density filters in the transmitter and in the receiver.

Electronic calibration oonsists of the measurement of the noise
power density at the output of the photomultipliers, as described in
parts C and F.7 of this section. This noise power must be added to the
noise in signal and intentionally added noise power in calculating the
noise energy/decision. The use of this information in determining the signal
and noise energy/decision for a given error rate will be explained in
part 7 of this section.

6. Test Procedure

First, the electronic and optical systems must be aligned and
calibrated, at a reasonable power level, as explained in part 5.
Then, measurements of the background light noise power (in the spectral

width) and photomultiplier noise power in a bandwidth of O to 2 MHz must
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be made, with the laser turned off. These noise sources set an absolute
lower limit on the range of noise powers/decision that can be used during
any test run. This measurement of the absolute power limit on noise
power will be made with a calibrated monitor, as described in part C

of this section.

Then, the laser is turned back on, and the modulation is applied.
Neutral density filters are inserted in the transmitter and receiver until
a desired error rate (approximate) is obtained. The following measurements
are then made:

1) Percent Modulation (Using the Hughes Monitor)

2) Signal Power at the Receiver (Using the Monitor Described in
part C), Tuning Backround Noise Source Off

3) Packground Noise Power at the Receiver, if an external Noise
Source is Used, Turning the laser Off.

In general, it is better to put a shield over the laser in step
3 and over the noise source in step 2, as percent modulation and absolute
power may vary when these items are turned off and on.

While continuing to monitor these parameters, to ensure that they
remain with 10% of the original measured values, restart the event counter
and the bit error counter. Continue to count events and errors until
the desired confidence that error rate has been mea;ured with a given
tolerance has been obtained. The number of bits that must be transmitted,
and the number of errors that must be read, before these criteria are
satisfied is a function of the error rate. The exact relation between

error rate, tolerance, sonfidence, and events counted is described in

part F of this section.
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Once the desired confidence and tolerance are reached, the test is
ready to be repeated for different noise powers, percent modulation, and
received signal power. Any combination of these values, for normal operating
points, background noise limited, noise in signal limited, or even quantum
limited operation (provided an external modulator driver is used to increase
the percent modulation) can be used. Using the Hughes modulator driver,
tests at the quantum limit do not have much meaning, as the noise in
signal overrides any controlled noise sources,

7. Data Collection and Processing

The purpose of this series os tests is to test the laser modulation
theory for polarized light communications developed under contract NAS 9-3650,
and presented in the Final Report on that contra.ct.1 To obtain meaningful
test date for each test in this series, the following parameters must be
known:

a) Polarization error (mathematically equivalent to percent
modulation)

b) Received noise energy/decision (other than noise in signal)

c) Receiver signal energy/decision (total)

d) Bits, or events transmitted

e) Bits in error

The calibrated monitor, described in Part C, has been used to
measure noise power density due to its own photomultiplier, and due to
background noise, over a 3.5 Hz bandwidth. The total noise power in the
signal bandwidth is then

N
N = measured XBW
Bi 3 . 5 signal
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Since we are interested in the noise energy/decision, not the

total noise power in the signal bandwidth, we multiply N by the duration

BW
of a bit. Doing this, we have
N
Noise Energy/Decision = _measured X BWw X Bit Time
o 3.5 signal
But BW (one sided) = 1
signal Bit Time

Therefore, all noise and signal power measurements made with the monitor
can be converted to noise energy/decision and signal energy/decision by
dividing them by 3.5 (assuming a HP 302A Wave Analyzer is used with the
monitor). This result, although not exact, is within the limits of
measurement accuracy.

Next the signal energy/decision and the noise energy/decision
must be separated. This is done by determining the absolute power
associated with the photomultiplier in the monitor. PFPlacing a cap on the
monitor's input lens removes all other sources of noise. Calling this

(N ) we have the following:
M

(N measured) Background = N measured - NM = NB

S = S measured - (NB + NM) = S measured - N measured

Using these relations, we obtain

Ny (energy/decision) = N measured - 'Ng

3.5
N (energy/decision) = NM + NB
3.5

and S (energy/decision) = S measured - (NB + NN)
i

3.5
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These values then are converted to equivalent average numbers of
signal photoelectrons/decision and average number of noise photoelectrons/
decision, as explained in part C of this section.

The next step in data reduction is to determine the confidence in the
data error rate measurement to a given tolerance. Figure IV-19 shows the
mathematical relation between confidence, tolerance, and bit errors counted.
Take the number of errors counted and divide by the number of bits trans-
mitted. This gives a number

A number of errors
P = number of bits

Multiplying ; by the number of bits transmitted, ome obtains the
ordinate value on this figure. Reading to the right of this, one obtains
the confidence that 'I’error - Pl(_a given tolerance. Drawn on the
figure is a sample of this, where the number of errors is 100, ‘g is 10-3,
and the required tolerance is 10%. One sees that, under these conditions,

Fal
the confidence that the actual error rate lies within 10% of P is 67%.

These curves were drawn on the basis of the following relation

2 A
n=C (1-P)

where:
n = Number of bits in a test
P = errors
bits transmitted
T = tolerance ( T = .25 for 25% tolerance)
C = sonfidence interval ( C = 1.96 for 95% confidence)
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Finally, to correlate test data at modulaticn indices less than
1, the equivalent polarization error must be determined.*

Modulation indices less than 1 in polarized light modulated trans-
mission systems are not physically equivalent to the polarization error
discussed in the Second Interim R,eport.3 (pp. 74~75) on this contract.
With a modulation index less than one, noise is injected into both chan-
nels of a polarized light receiver by the transmitted laser signal.
With a polarization error, signal energy is diverted from the correct
channel to the incorrect one. However, there is a mathematical equivalence,
that can be used to convert results of theoretical analyses for the effects
of polarization errors to similar ones for the effects of modulation
indices less than 1.

In the case of polarization error, (SNR)l (as defined in the Second

Quarterly Report) is

1 2
(SNR)™ = 2 S cos Q

2 (1)
N+S sin §
where:
S = signal power
N = noise power
@ = polarization error

In the case of percentage modulation less than 100%

) N + (1-m) S (2)

#Polarization error, rather than "noise in signal", is introduced here
because the Computer Program (Section V) uses this factor to correct for

modulation indicies less than 1.
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There ars two cases of interest, both of which are treated in the Power
Model (See Section V) of this report. These are the cases of high
percentage modulation and low percentage modulation.

If m = 1, equation 1 simplifies to

1 2 S cos? P
(SNR)” = (3)

N

while equation (2) simplifies to
1
(SNR)™ = 2SN (%)
N

At high modulation indices, or more specifically, where (1 -m) s is
negligible with respect to N, the mathematical relation between P and
m becomes
m = 0032 o (5)
or
g = cosd m (6)
At low modulation indices, or more specifically where (1 — m) S >

N, equation (1) simplifies to

2
(SNR)l _ 2 S cos“ @ -
S sin® g
while equation (2) simplifies to
1 2SM
(sNR) = (8)
S (m=-1)
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Under this condition {low modulation index), the following

relation holds:

1 m
= (9)
tan l-m
-1
or ¢ = tan ( 1-m ) (10)
m

Although relations (6) and (10) are identical in form (§ = cos-l
m ) it should be remembered that (6) only applies when (1-m) « )
and (10) only applies if (1-m) S >>K. In the general case, where
(L -m) S and m S are approximately equal, {# should be determined for
calculations from the relationship.
cos® @ m
= (11)

S 2 S
1+(N) sin @ 1+(N)(1-m)

The approximate relation between polarization error and percent modulation
is shown in Figure IV-20.

8. Predicted Results for 50%, 70% and 100% Modulation

Having the signal photons/bit, and the polarization error, one can
then neasure the effect of each of these parameters on systeﬁ performance,
and compare it with the results of theoretical studies of laser communication.
This part of Section IV presents the predictions, for a 10-3 error rate and
modulation indices of 1 ( # = 0° ), .7( § =30° ), and .5 ( § = 45° ), as
sumarized in Figure IV-21.

The abscissa on this curve is the number of signal photons/decision
(signal energy/decision) and the ordinate is the total number of noise

hot decision.
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G. Test of a 30 Megabit PCM/PL System's Performance in the Tunnel

This test is not recommended for use in verifying the theory of quantum
1imited laser communications. It has been included as part of the tests
to allow testing of the Hughes PCM/FL system at its maximum data rate. As
will be seen, implementation of this test will require development of
special purpose, extremely high speed, digital logic equipment. Even with
this equipment, tests of quantum limited operation will not be possible, as
the noise in signal is large enough to obscure most of the quantum effects
on the performance of a laser communicator.

1. Test Configuration

The electronic and optical configuration for this test will be,
basically, the same as those shown in parts D and F of this section. The
differences between this test, and the 1 megabit/second test of the PCN/PL
system (part F) lie in the implementation of test system, and not in the
basic concept of a digital error rate measuring system.

Part F.l of this section describes a bit error detector (or comparator)
to be used during that testing. The differences between that one and thg one
used for 30 magebit/second testing, are that for 30 magebit/second testing:

1. There will be no RC integrators used at the inputs of the.
difference amplifier. There is enough stray capacity at these inputs to
integrate both the reference signal and receiver output signal.

2, Gates 1, 2 and 3 must have switching times that are less than
5 nanoseconds. They must also operate with pulse of less than 30 nanoseconds
in length.

3, The difference amplifier bandwidth must exceed 70 megahertz.
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L. The inverter's bandwidth must be at least 70 megahertz.

5, The one shot flip-flop should produce error pulse that are

approximately 2C nancseconds lor

du

The logical operation of this high speed comparator is identical

with that of the low speed comparator described in part F.l of this section.
2. Test ipment

At this digital data rate, it is difficult to obtain the necessary
test equipment. The bit counter must be able to count at a rate of 30
megabits/second and the bit error counter must count events that last only
20 nanoseconds (50 megabits/seconds). They are also required to have good
long term stability, to allow running tests for significant periods of time
before drifts in these counters upset the system calibration. These re-
quirements can be met by using Hewlett-Packard 524LL Electronic Counters (or
equivalent commercial test equipment). It is recommended that two of these
counters be used, as shown in part F.l.

The recommended delay lines are General Radio 314-S86 Variable Delay
Lines, or their equivalents. These lines offer the bandwidth and resolution
necessary for high speed testing of the PCM/PL system. These lines do not
offer enough delay to compensate for transmission time in the tunnel, but
they are sufficient for the proposed 101010 .... test pattern. A Tectronics
585 oscilloscope, with a wide band, dual channel preamplifier should be used
to adjust the lengths of these lines, as described in part F.2 of this section.

There are many high speed pattern generators available for use during

this test. It is recommended that a Hewlett Packard 216 A Pulse Generator,
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or equivalent, be used because it also supplies the trigger pulse needed to
operate the Hughes receiver and the comparator. The following modification
to this generator should be made:

Add a one stage JK flip-flop to the output of the pulse generator.

This flip-flop must be capable of operating with input pulse only 16.5 nano-
seconds long. The flip-flop will produce, at its output terminals, a positive
voltage for the first“ICfin the sequence. Then, the next "1" causes the flip-
flop to change state, and produce zero output. It is not necessary to align
the output of the flip-flop with the "trigger output?, since delay line 1
will compensate for any fixed time difference.

It should be noted that the pulse generator must operate at 60 megabits/
second, with this modification, to produce a 30 megabit 101010 ... test
sequence. An alternate approach woild be to use a "times two" digital multi-
plier in series with the trigger pulse, and operate the pulse generator at
30 megabits/second. The "divide by two!" circuit in series with the pulse out-
put was chosen becguse the trigger pulse is only 3.5 nanoseconds long. This
requires excessive speed in a "times two" network.

The "divide by two" JK flip-flop and the gates needed for the comparator
are within the state~of-the—art, but they are not commercially available as
complete operating systems.

3. Additional Instrumentation and Equipment Modifications.

All additional instrumentation and equipment modifications are the
same as those described in part F.4 of this section. It is not recommended

that an external modulator driver be used, as this test is designed to test
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the performance of the driver used in the existing equipment. This means
that the modulation index cannot exceed .5, but it also means that the
modulation index will be kept constant by the "mode servo" in the Hughes
equipment.

4. System Alignment and Calibration

The basic system alignment and callbration procedures for these
high data rate tests are the same as those described in parts C.3 and F.5
of this section. All delay lines, and other coaxial cables carrying the
30 megabit/second test pattern and the trigger (clock) pulses, should be
kept short. This will minimize the amount of pulse distortion caused by
these cables.

5. Test Procedures

Procedures for conducting this test were described in part F.6
of this section.

6. Data Collection and Processing

A technique for reducing the raw data to statistically significant
results was presented in part F.7 of this section. Section F also presented
the relation between polarization error and percent modﬁlation. Predicted
performance results are presented in part F.7 of this section and in section
V.E.2.

H. Measurement of Link Characteristics with an Analog System.

1. Objectives

The objectives of testing the characteristics of the 11 mile test

link with an analog optical communications system are to:
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1. Measure the optical transmission properties of the link as a
function of time.

2. Correlate atmospheric conditions with optical transmission

3. Determine the time interval during which test conditions remains
essentially constant, allowing meaningful system testing.

4. Determine the time delay variations in the arrival of a laser
signal, which is a measure of the phase coherence of the link.

The data derived from these analog tests will be used in later
testing over the link to determine characteristics of certain test equipment,
test durations, and meaningful atmospheric parameters that must be monitored
during the tests. It also influences the methods of data reduction that
should be used to obtain meaningful test data from these tests (See parts I
and J of this section).

An anglog system was chosen for these initial outdoor tests
because of its simplicity. Meaningful test data can be obtained with a
relatively simple test system. There is no need for maintaining time
synchronism between the transmitter and receiver, or for generating a reference
test code in the receiver. Since this is a preliminary test, designed to
obtain as much data as possible about atmospheric effects on laser transmissions
at a minimum cost, the analog test system is recommended for this work.

2. System Configuration

There are two general types of analog measurements of a transmission

channel that can be conducted. One is with an unmodulated carrier. The
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received signal level is recorded. This data is then converted to amplitude
correlation functions for the channel and to power spectra for channel
transmission.

Unmodulated transmissions can be used to obtain the first three
objectives of this test, provided the background noise is constant. Because
it is believed that the fourth objective is important, and that the assumption
of a constant background noise may not be valid, we are recommending the use
of a modulated transmitter during analog testing of the 11 mile link. The
modulation allows observation of "time jitter" in the detected signal and it
allows narrowing the post-detection bandwidth enough to reject most of the
background noise.

The transmitter to be used during this test was described in part
E of this section. It consists of a Spectra~Physics #125 Laser with a Spectra
Physics #320 Modulator used to amplitude modulate the laser beam. No specific
modulating frequency will be recommended, but it should be between 1. and 4 MHz,
for reasons discussed in part E of this section. The modulator driver can be
any high frequency, high power, push-pull amplifier, in series with a low
impedance bias source.

In addition to transmitter equipment mentioned in part E, a colli-~
mator should be placed at the output of the modulator. This lens is used
to narrow the transmitter beamwidth as much as possible after the beam diver-
gence has been increased in the laser modulator.

The receiver configuration used for these tests was also described in

parts C and E of this section. It consists of an optical telescope, a PMT
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detector which is preceded by an optical filter, a tuned circuit, a high
input impedance amplifier, and a true RMS voltmeter.

During setup of the test configuratinn, some problems may be en-
countered with optical alignment due to beam bending. This can be minimized
by using a large aperture receiver. We recommend the use of NASA's 30"
field receiver for these tests, to minimize this problem. Aligmment can be
accomplished by aiming the transmitter, optically, at the receiver and
then transmitting an unmodulated signal. The receiver should then be aimed,
optically, at the transmitter, and the average receive level monitored. Then,
by slight adjustment of the transmitter alignment, the average receive level
can be maximized.

At this point, the transmitter and the receiver should be locked in
position. If at any time during the analog tests the system alignment is
questioned, these steps must be repeated and new sets of test data must be
obtained. Extreme care should be taken when working around the transmitter
and receiver, as any change in the absolute aiming of these elements can
invalidate tests.

3. Test Configuration and Instrumentation

The configuration that is recommended for this series of tests, and
the test instrumentation for the electronic system are shown in figure IV-22.
This figure does not show the optical power monitors, which are described in

part C of this section.
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The oscillator used in the transmitter should be as phase stable as
practical, to allow measurement of the random effects of the atmosphere on the
path delay. If possible, a Hewlett-Packard 106AR, or equivalent, quartz
oscillator should be used, as it introduces a negligible phase noise. If an
oscillator with poorer phase stability is used, an approximate compensation
for its effects will have to be included in the date reduction portion of these
tests (see H.3).

The tuned amplifiers,limiter, and discriminator are commercially
available systems, or they can be breadboarded. They should be tuned to the
frequency of the oscillator in the transmitter. A bandwidth of a few thousand
cycles is desirable for the amplifiers and limiter, but this bandwidth is not
critical. The discriminator should have a linear frequency-voltage characteristic
for frequency changes up to the maximum passed by the tuned amplifier.

The low pass filter is used as an averaging device. It should have
a variable bandwidth. The maximum recommended bandwidth of this device should
be a few thousand cycles/second, but it should be possible to reduce this to
approximately 2 cycles/second.

The RMS voltmeters shown in Fig. IV-22 are thermal voltmeters, avail-
able from Weston or other meter manufacturers. Its purpose is to average the
output of the low pass filter, which will resemble rnioise (phase noise).

Any commercially available dual channel FM tape recorder that has a
pass band from DC to at least 500 Hz can be used. Standard AM tape recorders
cannot be used because they have no DC response, and strip chart recorders cannot
be used because their maximum frequency response is less than 200 Hz.
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As will be mentinned during part H.L of this section, it may be
found that the transmission medium is too stable to allow phase variation
measurements with the test setup shown in figure IV-22. If this proves to
be true during testing, the oscillator at the transmitter should be replaced
by a HP 106 AR, and another HP 106 AR should be placed at the receiver. These
oscillators will then be synchronized by using a piece of RG=58 coaxial cable
as a delay line in the receiver. Finally, the output of the receiver and of the
delay line will be mixed, to produce a zero center frequency. The output of
the mixer will then be read, after it passes through the low pass filter, with
the same type of meter that is used in the receiver. This potential test con-
figuration is shown as the dotted portion of figure IV-22. The homodyne mixer
is commercially available, or can be breadboarded with existing electronic
equipment.

The pads are GR 1454 Decade Voltage Dividers, or equivalent.

L. Test Procedure

A. Align the system, as described in part H.2, under conditions of
good visibility, thermal stability, and low wind velocity. This should probably
be done at night, after the air and the earth have reached thermal equilibrium.
Iock transmitter and receiver in their positions, before doing any testing.
Unless these elements have been moved, they should not be realigned during sub-
sequent tests.

B. Turn off the laser, and monitor the noise current (In) at the
receiver with the RMS meter (A). If this cannot be read, increase the gain of
the amplifier until a satisfactory meter reading is obtained. During this,
pad 1 should be set for zero attenuation (Voltage ratio = 1). Record this
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reading.

C. Turn on the laser, with modulation, and monitor meter A. The
reading should be at least 10 db (above)  that obtained in part B. Set pad
1 to keep the meter on scale. Record both the pad setting and the meter reading.

The system is now ready for testing under representative atmospheric
conditions. The choice of conditions is at the operator discretion, but during
a given test the following parameters should be monitored.

1. Wind speed at both the transmitter and receiver.

2. Visibility (in miles)

3. Temperature

L. Humidity
Also, general atmospheric conditions (cloud cover, rain, etc.) should be recorded
before a test run is conducted.

Having chosen a "representative" link condition, test data recording
is started. This begins with step D of this procedure.

D. With the laser off, monitor the noise power, as in step A. Set pad
2 to achieve a resonable recording levdl in the tape recorder. Turn the tape
recorder on, and tabulate the setting of pad 2 and the reading on meter A. After
a few minutes, stop the recorder.

E. Turn the laser on, with modulation, and set pads 1 and 2 to give proper
levels. Restart the recorder, and tabulate the settings of the pads and the
raadings on meter A. The percent modulation is somewhat arbitrary, but is is
recommended that this be as high as possible to prevent noise in signal from
obscuring channel effects. Continue to run for at least 15 minutes, tabulating
changes in the reading of meter A as they are noted, along with the time of the

measurement .
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F. At the same time; tabulate the reading on meter B, which is measuring
the total phase noise in the signal. This should be done at a number of
bandwidths, from the narrowest allowed by the low pass filter to the widest

it is noted that this measurement drops 6 db for
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each octave reduction in the filter bandwidth, the alternate phase measuring

system shown in figure IV-22 ‘will have to be used for measuring phase noise.
G. Finally, turn off the modulation at the transmitter, but leave

the laser on. Readjust pads 1 and 2 for proper signal levels at the meter and

the recorder. Tabulate the pad settings and the meter reading.

This concludes one analog test of the link. Steps A and B do not
have to be repeated for each atmospheric condition of interest. On these sub~
sequent tests, only steps D through G need be repeated.

There is no way of predicting how long a test shwmild be run, as this
depends on the effects that one is attempting to measure. "Steady state" tests
should be kept relatively short, as atmospheric conditions are always changing.
On the other hand, when attempting to measure the effects of rain or temperature
gradients on atmospheric transmission, the tests should be long enough to include
good periods of time,transition times, and times where the atmospheric changes

have reached their extremes.

5. Data Processing
A way of processing the test data is to obtain S/N ratios at the

receiver, as a function of time, is included in part E of this section. This
procedure assumes that the noise powers, as measured during steps C and F of
the test procedure, are essentially constant over the measuring interval. During
periods of operation in a "steady state" atmosphere this is a reasonable assump-

tion, so the procedure presented in E can be used.
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If, as measured in step G, the noise power is not constant, this test

be used to.ﬁéasure variations in the amplitude and phase of the modulating
signal as a function of time. It is expected that the signal power will be
large enough, at a high modulation index, to make the effects of noise power
on the readings taken during steps E and F negligible. Steps D and G are
taken to verify this assumption.

The amplitude test data taken during step D should be reduced to
an approximate amplitude correlation for each test condition by taking uniformly

spaced sample values and using them in the relation:

+ 2,
. ()2, (D)= N £(t) £(t+nT
! S AMPLES

where N = the number of samples
T = the time spacing between samples
A = nT= the value of time shift for which Q“(‘t)is calculated
t = an arbitrary starting line for sampling
Q‘= autocorrelation functinn

This quantized correlation function should then be transformed to an amplitude

power density function, using the relation

. (w = F r_q)..("ﬂ]

The approximations in both these expressipnns result from the fact that
sample values of the received signal, and not the Analog recorded values, are

being used in calculating (T). It is expected that freguencies as high as
" 4
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1000 Hz will be of interest in the reduced data. To achieve this resolution,
samples (taken from the tape recording) should be spaced by no more than .5
milliseconds. With this requirement, the number of samples used to compute
4)“ (T ) depends on the nature of the equipment used to perform the indicated
calculations. It is not recommended that these calculations 5e made by hand,
as they are extremely lengthy.

If available, a correlator is recommended for this work. It's input
would be the data recorded during step B of a test. Such correlators are
available at universities (MIT, for example), and special purpose correlators
can be purchased.

The data recorded during step F of a test is, ideally, a measure of
the phase noise. Unfortunately, it also contains some noise power generated
in the receiver and by the transmission link. It is known that the noise power
& noise sources” should reduce at a rate of 6 db/octave as the
bandwidth of the low pass filter is reduced. Plot values obtained on meter B
at various bandwidths on log-log paper. At the higher frequencies, this plot
should approach a straight line, with a slope of 6 db octave. Draw this straight
line on the plot. Anything above is represents phase noise. Subtract the value
of the lines at a measurement bandwidth from the measured value. This leaves
phase noise as a separate quantity, since it is not correlated with the other
noise source,.

As the final step in data reduction, this information should be con-
verted to a power density spectrum. The adjusted reading at the minimum band-
width represents the phase noise power in that bandwidth. Subtracting this from
the adjusted value for the next larger bandwidth gives the fotal phase noise

power between these points. Proceeding in this way, one can construct an

approximate phase noise power demsity spectrum,
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With the alternate phase stability measuring system, phase noise
data can be reduced to a power density spectrum in the same way. This
more precise phase noise measurement will be required if the measurements
made using the original system all lie on the 6 db/octave line.

6. Predicted Results

Results of these tests, for a constant noise power, are predicted in
part C of this section. These results are directly applicable to these
tests, since most of the noise power is associated with signal currents.

As the received signal level varies, the S/N ratio should vary as pre-
dicted therein.

A gross prediction of the results of the amplitude transmission
characteristics can also be made. The power density spectrum will be centered
at zero frequency, but it will be significant at frequencies as high as 500 Hz.

No firm prediction can be made for the phase stability measurements
(phase noise) since these has never been éttempted over a range of this

length.

Iv-110



I. Measurement of the Characteristics of an 11 mile link at Low Data Rate

1. Selection of Test System

The analog tests have determined the amplitude and phase power
spectra for the 11 mile outdoor link. From these results, theoretical
predictions of the performance of PPM and FM subcarrier systems can be
made., However, these tests have not determined the effects of the prop-
agation mechanism on the polarization of a light carrier.

Since polarization loss, or polarized noise sources, seriously
affect the performance of a PCM/PL laser communication system, we
recommend the use of a modified version of the Hughes PCM/PL system for
initial digital testing over the range. Data obtained with this system
will allow gross prediction of the performance of a high data rate
PCM/PL system on the range.

The Hughes system, modified for testing at 1 megabit/second,
was also chosen for this test sequence because of its relatively high
power output. This insures a good average signal to noise ratio at the
receiver, The only major modification recommended for these tests is to
replace the existing receiver telescope with the 30" field receiver's
telescope. Its large aperture minimize the effects of "beam steering"
on system performance,

2, Test Configuration

The recommended test configuration, along with the necessary
electronic test equipment, are shown in figure 1V-24,This is essentially
the same as shown in part F.1l of this section, with the following
modifications:

a., Addition of clocks at the transmitter and receiver

b. Addition of a tape recorder to the output of the comparator
Iv-11
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¢c. Addition of a pulse generator at the receiver.

Iy

The comparator shown is the same one used in part F o

Hy
ct
N

P
w

section, as are the dividers, which were described in part F.2.

3. Instrumentation

In addition to the electronic test equipment shown in figure IV-24,
atmospheric monitoring equipment (part H) and optical monitors (part C)
are required. The use of this additional instrumentation has already
been discussed.

The second transmitter configuration uses a high power amplifier,
rather than the Hughes modulator driver, to obtain modulation indices
greater than .5, The characteristics of this biased amplifier, and the
reasons for using it in testing laser communication theory, were dis-
cussed in part F.

4. Test Equipment Required

Both the transmitter and receiver clock must be highly stable
to prevent synchronization errors in the electronic system. It is
recommended that qQuartz oscillators, similar in performance to HP
107AR, be used for these clocks. They should have a 1 Miz output sine
wave, as shown.

The pulse generator must be able to produce pulses at 2 mega-
bits/second, as explained in part F. The receiver pulse generator must
also produce a trigger pulse which drives the Hughes '"phase locked
clock". It is recommended that HP222A Pulse Generators, or equivalent,
be used for generation of the test pattern and the reference code.

The delay lines can be RG-58 coaxial cables, but it is
recommended the General Radio 314-586 Variable Delay Lines be used if

they are available, The lengths of these lines should be kept as
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small as practical, to avoid distortion of the Reference Code and the
Trigger Pulse,.
The bit counter and bit error counter can be any stable 1 MHz

5233L, or eguivalent, counters

The modifications that must be made to the Hughes PCM/PL system
were detailed in part F.3 of this section.

The tape recorder shown should be a wide band (at least 2 MHz)
FM recorder. Commercially available video tape recorders can be used
for this purpose,

In addition, it is recommended that a strip chart recorder be
connected to the optical monitor's output to record fluctions in average
received power level with time. The monitor and recorder are not shown,

The choice between the two transmitter configurations depends
on the desired modulation index., It is recommended that, if possible,
the second one be used. However, meaningful test data can be obtained
using the first configuration. This choice was discussed in part F,

5. System Alignment

Alignment of the optical system was discussed in part H. Since
only the electronics are changed for this test, only a minor realignment
should be required.

Timing alignment should be made at night, with maximum trans-
mitter power., Start the clocks and pulse generators at both sites, and
allow them to warm up for at least 15 minutes, Then, without connecting
delay line 1 to the phase locked clock, connect one channel of a dual
trace oscilloscope, Tectronics 585 or better, to the output of the video

amplifier. Connect the other channel across the output of delay line 2,
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where it enters the comparator. Adjust the length of delay line 2
until the received sequence of ones and zeros is in synchronism with
the reference sequence,.

Next, comnect delay line 1 to the phase locked clock. Remove
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i from the video output, and bridge it across the
delay line input to the phase locked clock. Adjust the length of delay
line 1 until this pulse occurs near the trailing edge ot each one or
zero., This positioning of the timing pulse is explained in the Hughes
Maintenance Instructions?

The system is now aligned, and ready for error rate testing.

6. Test Procedure

The procedure for conducting this test was detailed in part F.
The only change in test procedure is to run the tape recorder and strip
chart recorder during a test. These recorders should also have provisions,
either manual or electronic, for noting the time of a test and what
signal level corresponds to what error counting condition,
Choose an atmospheric condition that is desired, as explained
in part H, and start the test by restarting the bit counter and bit error counter
Do not turn the oscillators off between tests, or allow at least 15 minutes
for warmup. If they have been shut down, or the system has not been
aligned for several hours, realign the electronies, as explained in H.5,
Turn the tape recorder and the strip chart recorder on, and
then proceed with the test procedure described in part F,6 of this
section,

7. Data Processing

There are two basic types of data as to channel characteristics
that can be derived during this test. One is the probability of error,
or error rate, at a constant received signal level. This data will be
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obtained by reducing the readings}accunmlated on the bit counter and
bit error counter during a period where the signal level is essentially
constant to a ;L. Then, estimates of the confidence in this measurement
for a given tolerance should be oblained, using the data contained in
part F.7 of this section. The only difference between the data re-
duction used here, and that described in part F, is that tolerances
and confidences will now be limited by the length of constant signal
amplitude data available,

The second way in which this data can be reduced is to determine
a probability density for the probability of n adjacent errors. The raw
data is conpained on the magnetic tape. This tape should be played back
to determine how many times during a test, at a given signal level, or
at varying signal levels, two errors are adjacent, three errors are
adjacent, an error is isolated, four errors occur in a row, etc. This
data can then be plotted, and compared with the theoretical prediction

that if Pe is the average probability of error, then

P (n errors adjacent) = Pen-l

This measurement allows one to determine the amount of correlation
in errors introduced by the transmission medium.

8., Predicted Test Results

Predictions of test results, at constant signal levels for a
Pe of 10-'3 were presented in part F.8 for various modulation indicies.
Predictions for other error rates can be obtained by using the power
model described in Section V of this report.

It is not possible to predict results of error correlation
studies and varying signal levels. There is not enough data on the

channel characteristics available to make these predictions.
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J. System Performance Measurements at 30 magabits with PL Modulation

This test is designed to measure the performance of the Hughes
PCM/PL system at maximum bit rate over the 11 mile range. It is not
recommended for initial testing, because of its cost and problems with
maintaining station timing, It is included here for completeness. It
is believed that more data about the range's properties can be obtained
with test series H and I than with this test.

1. Test Configuration

A potential test configuration is shown in figure IV-25. This.is
identical with the one proposed in part G, except for the inclusion of
separate clocks and pulse generators in the transmitter and the receiver,
and the X6 multipliers, which are solid state multipliers designed to
give 30 MHz outputs when driven by a 5 MHz clock.

The performance requirements, and potential design, of the
dividers and comparator were discussed in parts F and G.

The optical configuration includes the NASA 30" field receiver,
for reasons discussed in parts I and J. This configuration does not
show the signal level monitors and strip chart monitors, which are used
here as they were in part I.

2, Station Timing

It is not practical to keep the transmitter and receiver in time
synchronism, within the few nanoseconds allowed by the data rate, by
using a hard line tie between the transmitter and receiver. Therefore,
we are recommending the use of separate clocks at the receiver and the
transmitter. If it is found that pulse timing, as measured during the
first step of the alignment, has a jitter that exceeds 10 nanoseconds
(RMS), it is recommended that this series of tests be terminated.

Station timing, and atmospheric jitter, will have such a gross effect
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on system performance that the test data is invalid.

Even if the pulse jitter is small,it is recommended that the
video output to the matched filter and the receiver reference be con-
tinually monitored (as in the first step of the alignment) to insure
that they do not drift out of time synchronism. It will probably be
necessary to realign the system every few minutes.

3. Test Equipment Required

It is recommended that HP 107AR Quartz Oscillators, or their
equivalent, be used as clocks because of their highly stable 5 MHz
outputs (.4 milliradians RMS over 1 second).

The bit counter and bit error counters should be HP 52441, or
equivalent, electronic counters capable of counting at rates in excess
of 50 magabits/second.

It is recommended that a pulse generator similar to the HP 216A
be used at both the transmitter and the receiver. The delay lines
should be General Radio 314-586 variable delay lines. All other test
equipment, including the monitors, were described earlier in this
section.

4, System Alignment

Basic alignment, both optical and electronic, for digital data
testing of the PL modulated system were detailed in parts F and I of
this section. The additional requirements for alignment for high data
rate testing were explained in part G.4. The only modification of
these procedures, monitoring of time synchronization, was explained
as item 2 of this part. Once aligned, the system is ready for testing
under various atmospheric conditions. The choice of these conditions
is left to the test system's operator.
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ast Procedure

The procedure for these tests, and modifications to them based
on phase jitter measurements, is explained in item 2 of this part, and in
varts G and I, of this section, As before, signal levels, starting
times, test conditions, error counts, and bit counts should be logged
for each test run.

6. Data Processing

It should be noted that the use of neutral density filters during
field tests has not been described. This is because it is felt that
variations in received signal level will be enough to allow determination
of error rate as a function of signal level., In this test, background
noise will probably be masked by noise in signal, as described in part
G. If the signal level received is well above the quantum limit, it is
suggested that neutral density filters be used to reduce the received
signal level to a satisfactory level. Once this has been done, a plot
of gé (measured probability of error) versus noise power and signal
power can be obtained by varying the percent modulation. This is
explained in part F.

Given a run with a constant signal level, we have four basic

measured quantities:

m = per cent modulation

N + 5 = signal power + background noise power (measured with
a monitor)

Ne = number of errors counted in a test

Nb = number of bits in a test

Using m, and assuming N +S =S, we can compute the noise energy and

signal energy/decision (see part F).
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Next, one forms an estimate of the probability of error/decision,
which is

A

Pe = %%

Finally. using the figure or the relation given in part F.7 of

[¢}]

this section, one determines the confidence with which gé is within a
given tolerance interval of the actual probability of error.

Part F.8 of this section gives theoretical predicitions of
performance, for comparison with the measured results, In using those
predictions, it should be remembered that the noise energy is mostly

(1-m)S. This means that the noise energy per decision is (-m)s

30 x 100 °

If predictions for the Gaussian noise region, or for

3

Pe # 10°~, are needed, they can be obtained by using the program des-

cribed in Section V of this report.
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K. Testing of PPM and FM digital data transmission systems.

There will be no attempt made here to detail tests of PPM and FM digital
laser communication systems to the extent that the testing of the analog
system and the PCM/PL system have been documented. This is because most of
the basic test procedures have already been explained and because the PPM
and FM systems are still undergoing development. This part of Section IV
will, instead, discuss basic configurations for testing these systems with
digital signals and the differences in data reduction from that already de-
scribed.

1. Test Configuration for FM System

For testing digital FM laser systems in the tunnel, the test con-
figuration used in part F or part G of this section can be used, with the same
electronic test equipment. It may be necessary to use a bipolar driver, rather
than a unipolar one, if the FM modulator requires bipolar drive.

The system should be set up in the tunnel, with the transmitter and
receiver side by side. The timing pulse is connected to the decider in some,
undetermined, manner.

An optical monitor is used to determine the received signal power
(see Part C). A retroreflector reflector (part D) is located at the other
end of the tunnel, and is aligned as in part D. If desired, a chart recorder
can be connected to the monitor to insure that the signal level remains constant
during a test. Finally, a variable power noise source (part E) is placed in the
tunnel to allow measurement of system performance at various signal to noise
ratios.

Calibration of the system, with the exception of measuring the FM
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subcarrier modulation index, has been explained in parts D, E, and F of
this section. The subcarrier modulation index should be measured with a

deviation meter.

2. Test Equipment for FM Testing

In addition to the test equipment described in parts F and G, and
that described in part C, a FM deviation meter is required. This is a standard
piece of test equipment, available from Boonton and other companies.

3. Parameters to be Varied in FM Testing

During testing of an FM system, it is important to vary signal level,
noise level, and deviation. This is because an FM laser system can be expected
to have two thresholds. One result from the receiver falling below a limiting
threshold and the other results from the quantum nature of the laser energy.

At high modulation indices, it is expected that the quantum threshold will
become apparent before the limiting threshold. At low modulation indices the
limiting threshold may occur first as the signal level is reduced or the noise
level is increased.

L. Data Reduction for FM Testing

Data reduction for these FM tests is identical to that discussed in
part F of this section, except that carrier to noise measurements should be
made at the input of the decider. These are made with a true RMS voltmeter.

5. Predicted Results for FM Tests.

Signal to noise is not one of the oupput parameters in the Computer
Model (Part V). However it can be inputed to the program, and results of tests
runs on the computer wan be compared with test data taken during an experiment.
Figure IV-26 shows the predicted probability of error, as a function of the
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carrier to noise ratio, which should be measured as part of any FM test.
Although these results are independent of the modulation index, it should
be remembered that they only hold when the system is above threshold.

A way of measuring the carrier to noise ratio, and predictiocn of
it as a function of the received signal level, was presented in part C of the
section.

6. Test Configurgtion for PPM System

If we assume that a PPM laser communicator has been designed to
accept digital data at the tranamitter and to deliver digital data from the
receiver, the test configuration shown in parts F and G can be used to measure
error rate for various transmission speeds and at various signal powers. Even
the optical monitors (part C) can be used, provided the duration of a pulse
and the duration of a frame are known.

7. Data Reductionfor a PPM System

Let Tl = length of a pulse
T2 = length of a frame.

Then the signal power/decision is _E S, where S is the signal power as measured

T
1

by a monitor. The noise power per decision is simply N, where N is the noise
power as measured on a monitor.

Given these two guantities, and Pe as measured during a run, one can
plot the average probability of erpor as a function of the noise power and signal
power per decision. This can then be compared with theoretical predictions,
as generated during computer runs.

It is of interest, if possible, to see how Pe varies with the alphabet
level. It is recommended that tests be made at the same signal energy/decision

and moise energy/decision but at varying alphabet levels. These can then be
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compared with predictions of performance generated on the computer.
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Section V

COMPUTER MODEL USED TO CAICULATE POWER HREQUIREMENTS
FOR DEEP SPACE OPTICAL COMMUNICATIONS

A. Statement of the Task

The purpose of this task was to generate a FPRTRAN IV computer
program to perform calculations of the power requirements for deep
space optical commnications. A sample set of output data for an
eleven mile earth surface link was to be generated, complete with a
set of desired test case parameters. This was to be supplied to NASA.
The ducumentation for the program was to include a Fortran 1isting?
deckf'and instructions for exercising the program for any set of sys-

tem parameters.

B. The Power Model

The mathematical model for the power model implemented for use
on a UNIVAC 1108 computer is summarized on the flow chart shown on
pages 10-7 through 10-10 of the Final Report.1 on NAS 9-3650. This
flow chart is based on mathematical analyses of the performance of
laser communication systems that were presented in the Second Interim
Report3 on that contract (pp 66 through 100). The complete flow chart

for calculation of laser power requirements is shown in Flow Chart V-1.

It has been assumed, during development and testing of this pro-
gram that all noise sources are unpolarized. If a polarized noise
source is present in the background field view of a PCM/PL receiver,its
noise power adds a bias in either the "zero" channel of the "one" chan-
nel. The effects of this type of noise source on system performance
are not calculated by the Power Model.

Each subroutine used in the Power Model is described in Part C of
this section. For most of the subroutines, flow charts of the computer
coding are also presented. In addition, complete FPRTRAN IV listing for

* Only one listing and one deck are included. Additional listings can
be obtained from the source deck.
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*
these subroutines are contained in Appendix I of this report, and a

set of program cards are supplied as a separate item®

Part D of this Section explains how input variables are entered

1]

should be

into the program, and gives the units in which each warizbl

(

stated. This part of the section also shows typical cards for inputing
data to the program.

Part E of this section shows several computer runs for cases of
interest during the design of the ranging system, at various percentage
modulations for correlation with the results of the communication theory
test program, and at various wavelengths to assist in the design of a

laser communication system with deep space application.

It was found that test runs could not be made for the 11 mile
test range. There is not enough data available on the transmission
characteristics of such a path to allow mathematical modeling of a
laser system operating through this length of atmosphere. As a result,
the recommended communication theory test plan for this range are in-
tended to determine the phase and amplitude characteristics of this 11
mile test range.

C. Computer Programs

This part of Section V contains flow charts and explanations for

the operating subroutine of the Power Model. A listing of these sub-
*
routines, and of the Input and Output is contained in Appendix I.

1. DPSP

DPSP is the entry point into the Power Model and serves primarily
as an incrementing routine for the Receiver and Transmitter Beamwidth,
the wavelength, and the data rate. Subroutine MAIN, which serves as the
primary calling routine, is called from DPSP after variables are set or

incremented.,

Flow Chart V-2 outlines DPSP and is divided into two main parts.

The first section, which extends to the bottom of the "DO 106" loop
* Only one copy of each of these items is supplied.
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calls the input subroutine to start the run and then initializes the
four incrementable variables. The remaining section, which begins after
returning to DPSP and terminates at "call exit", tests the varigbles and

increments them when instructed.

Two types of incrementing are possible in the program, exponential
and linear. A single valued case, of course, is also possible. The ex-
ponential option starts at the starting value specified by the input and
systematically increases it to powers of ten and 3 times powers of ten
until the stopping value is reached (introduced by input). An example
of this option is below:

Starting value 1
Stopping value 100
1, 3, 10, 30, 100 ~ values used.

} input

If other than a power of 10 or 3 times a power of 10 is inserted
as the starting value the first increment will raise the variable to the
next higher 1 x 10" or 3 x 10* and increment normally.

Starting value 7
Stopping value 300

7, 10, 30, 100, 300 - values used.

The variable used for computational purposes in DPSP is D(1,2,3,
and 4). This is related to the working variables for beamwidth, wave-
length, and data rate in subroutine MAIN.

D(1) = Transmit Beamwidth

D(2) = Data Rate

D(3) = Receive Beamwidth

D(4) = Wavelength
The variables are arranged in this order to allow the least amount of
calculations to be made while incrementing.

Since the variables it is possible to increment are entered
on separate cards it is possible to use a separate option for each,
if desired. When all of the incrementing has been accomplished for a
given case the program is either terminated or returns to INN for
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more data cards,

The linear incrementing option increments the variable from the

given starting value to the stopping value at a fixed rate.

Cd ayd tomrs wrmtaom
utdrt.a.ng value

Stopping value
Increment

1, 3, 5, 7, 9, 11 - values taken,

0]

o
ISR

Note that the stopping value does not have to be a number the
variable uses since the stopping test involves an equal to or greater

than decision.

2. Subroutine MAIN

Subroutine main is the primary calling subroutine in the program.
In this routine the basic equations of the power model, pages 10-7 through
10-9 of the final reportl, are solved. During the execution of the sub-
routine BKG, which finds the background noise, and PHOTON, which relates

the signal photons/decision, noise photons/decision, and the bit error

probability, are called. Subroutine OUT is called late in the subroutine
to print the output for the case considered. A flow chart (gross) of
MAIN is shown in flow chart V-3.

3. BKG

Subroutine BKG calculates the background noise from planets and
stars within the beamwidth of the receiver and adds this to any input
noise entered on the data cards (BK6N), using flow chart V-4.

Noise due to planets is calculated either from stored experimental
curves or from grey-body curves approximating the reflected and self-
emitted radiation from the planets. The experimental curves are entered
as data in subroutine ALLUMF, whereas constants allowing use of grey-body
equations are entered as data in this subroutine. The radius of the

planets, effective temperatures, and C, (used in W (A,T) =

el (B2
A (e cz/xr_l) D

TVT_ C/\
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are examples of these constants.

The first major do-loop in the subroutine considers each planet
in the background sequentially. Radiation from each planet in the solar
system can be calculated using grey-body equations. The Earth, sky,
and moon also have stored experimental curves. The planet number
entered as input determines whether grey body or experimental curves
are used (see input explanation for further details).

The background planet is first tested to determine if it is a sky
background for an earth receiver. It is is, a determination is made as
to whether it is daylight or not. If it is lighted the stored experimental
curve is called and the result multiplied by the solid of the receiver.
If it is dark,the grey-body curve is used. (Note: parameters for grey
body curve were obtained from dotted plot inside experimental curve in

. 1

final report™).

If a sky background is not being considered the cross-section of
the planet is calculated and this is compared with the area the receiver
beamwidth allows to be seen. If the receiver can view the entire planet
a test is made to determine if IPCNT is being used. IPCNT allows for
off-center viewing of the planet and represents the percent of the
planet which cannot be seen. (see below)

area which receiver
BW can view

Cross-section
of planet

off-center viewing

Shaded area = IPCNT = % of planet cross-section which
cannot be seen
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It must be remembered that if the receiver BW is not large enough
to allow the entire planet to be seen IPCNT will be bypassed (see flow

chart).

If the BN of the receiver does not allow the entire planet cross-
section to be seen a variable DF, is set which represents the percent of
cross-sectional area which can be seen. A test is then made to determine
if the area of the planet seen is illuminated. If it is not illuminated
the reflected radiation from the planet is neglected. If it is partially
illuminated DF is corrected to reflect this. The input variable ILLUM
determines the illumination of the area seen in this case (see below).

Shadow Area

Area seen @ @
Planet

Cross=—
section JLIIM = 0O JLLUM = 1 ILLUM = 50

ILLUM is used only if the area seen is smaller than the planet cross-~
section -- otherwise it is bypassed (see flow chart).

The background noise from the albedo of the planet is calculated
next using either stored curves or grey-body equations. If the entire
planet is seen, a phase correction is then made based on the phase of
the planet.

Finally background noise due to the self-emission of the planets
is calculated for those cases using grey body curves or for areas viewed

which are not illuminated.

The second major do loop in the subroutine accounts for stars in
the background. Since they are considered as point sources, the beamwidth
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of the receiver is nct a factor. The noise due to the stars is cal-
culated using the visual magnitude of the star and its temperature.

A running eum of the backeround noise is maintained throughout
A= - - Td T = - - - - —— wass W=

the subroutine and Fraunhofer lines are considered, when desired, in
the calculation.

L. Subroutine EXTRAP

Subroutine EXTRAP is used when it is desired to calculate the
average signal level for noise levels in the gaussian region. Since
Poisson statistics, upon which the central equations are based, are
reasonably calculated only for relatively small numbers of photons,
it is necessary to extrapolate these into the gaussian region.

When an average noise is arrived at that would place the signal
in the gaussian region, the signal level required is automatically cal-
culated for a noise level of 25 which is near the upper limit of the
computer'!s capability without scaling. When the signal required for
25 noise photons/decision has been calculated in PPMPCM, EXTRAP then
extrapolates this to the desired value using the procedure outlined in
the Second Interim Report3 of the initial study.

In this routine an extrapolation constant is first arrived at
and this is incorporated into a calling program for NEWTON by which the
desired value of the signal is found.

5. Subroutine PPMPCM

Subroutine PPMPCM is a subroutine used to find the average number
of signal photons required for PPM and PCM/PE,given the error rate and
the character error probability. This routine expresses the equation
for the average number of signal photons in terms of itself and uses
subroutine NEUTON, a variation of Newton's iteration technique, to find
the value of signal photons satisfying the equation. Variables used in
Newton are first set and a value of the average signal is approximated
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to begin the iteration process. Using the central probability equation
for PPM or PCM/PL, a value of the average signal is then obtained using
the stored constants. When polarization errors exist in PCM/PL the
average signal and noise are corrected, although the constants, which

are a function of the average noise, are not being changed in this
routine., If the corrected noise differs from the starting noise by

more than 2% the average signal arrived at will be significantly in

error and the coding program is returned to for determination of corrected
constants followed by a recalling of PPM/PCM.

If more than 50 iterations of Newton are required it is assumed
that it will not converge and evit i< called. This is a safety feature
and should never be the case.

If extrapolation is required because of the signal lying in the
gaussian region subroutine EXTRAP is called before returning to the main

program,

The coding for PPMPCM is shown in Flow Chart V-5,

6. Subroutine KONST

Subroutine KONST is used to determine the value of the inner por-
tions of the central probabilities equations. Since a considerable amount
of mathematics is involved in obtaining these values, and since they don't
change as the signal is changed, it is advantageous to calculate these
once and store them for future use. Once these values have been calcu-
lated there is no need to calculate them again, unless the value of AVN
or the alphabet level is changed (AVN is changed when a polarization

error occurs in PCM),

7. Function MAXF

Function MAXF is used to determine the maximum number of terms that
have to be considered in the central probablistic equations. The criteria
for determining KMAX was set forth in the second interim report of the
initial studys (or in Entwistle's paper).
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Upon entering the function the average signal, AVS, must be approx-
imated. This is done by approximating the AVS/AVN curves with a logarithmic
relationship for AVN >15 and a constant value for AVN £ 15. A value of
AVS = 15 is assumed for AVN £ 15 since this is higher than the asymptotic
value of AVS for any practical case and therefore will give a safe value
for KMAX. The logarithmic relationship chosen for the remainder of the
range of AVN is such that it will also approximate the AVS slightly
higher than its actual value for the same reason.

Using the approximation for AVS, the trial and error solution out-
lined in the interim report3 is next obtained. When a value for KMAX is
reached, the do loop is terminated (whether or not it has reached the 1500
limit) and the calling subroutine is returned to.

The coding for MAXF is shown in Flow Chart V-6.

8. BICOEF

Subroutine BICOEF determines the binominal coefficients necessary
in the solution of the central probabilistic equations for PPM and PCM/PL.
Since a symmetry exists in the binominal coefficients used, only half of
them need actually be computed. The values found are stored and called
later in KONST. If the alphabet level has not changed since the last
case run there is no need to compute the value of the coefficients again

and subroutine PHOTON is returned to immediately.

9. PHOTON

Subroutine PHOTON is used as a calling routine for the determina-
tion of the average signal required/decision (cycle) with a given noise
level. If coherent detection is employed, the actual signal required is
determined. For PCM/PL and PPM, constants necessary for the solution of
the probabalistic equation are found by calling BICOEF and KONST and the
equations themselves are solved by calling PPMPCM. Function MAXF is
called to determine the maximum number of terms that the Poisson proba-
bility equation must be carried to to get an error rate as small as
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necessary. Redundant calculation checks to see if
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alled
for the case under consideration.

Computer coding for PHOTON is shown is Flow Chart V-7,

10. ALLUMF

Function ALLUMF is used to interpolate the stored curves represent-
ing background noise from the earth, sky, and moon. Data points for these
curves are entered at the beginning of the function and an order of inter-
polation = 1 is set (linear). Since extrapolation of these curves is
invalid, an indication is printed in the output when extrapolation is used.

D. Data Cards and Input Quantities

Input variables are entered into the computer program using sub-

routine INN. There is no fixed number of data cards required for each
case under consideration since the complexity of the case and previous
cases in the same computer run will alter the number needed. The mini-
mum number of data cards needed is two, while the maximum has no set
limit. All input parameters must be entered for the first case in a

run. whereas for subsequent cases only changed cards need be entered.

An explanation of the input variables and the use of subroutine INN
follows. The field of the cards and the variables contained are shown in
Figures V-1 through V-5, The E's and I's shown indicate the number expected
(exponential or integer). It should be remembered that f type (fixed) num-
bers may be used with an F format. The number in the upper-right hand cor-
ner of the cards will be referred to as the card number throushout thi-
discussion,

Card number one must be present in all cases run. The purpose of

this card is to indicate if other cases follow this one in the run and
which data cards follow for the case being considered. (A case is defined
here as the calculations resulting from one group of data cards. More than
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one group of data cards may be placed on the r~orram deck for a single

computer run),
Card Number 1

The variables entered in the first card are IG@ and NSKP1 throueh
NSKP7. Tf TG# is zero the run will terminate after this rase,if it is one,
another case will be expected after completion of the one under considera-
tion. NKP1l through NSKP7 are flags used to determine which of the following
data cards have been omitted. For the first case in a run NSKP1l through
NSKP7 must be 1 (meaning that all cards must be read) since the computer
has no input variables stored. Tn the followine cases however.a zero for
any of the N°KP's indicates that the valuec on varions cards have not been
changed and the program will use the value- for the last case. If any in-
put variable on a card is changed, the entire card must be read in for the
new case. The following is a breakdow~ of the ecards and their relationshop
to the NSKP numbers.

NSKP Card Number Controlled

NSKP1 2
NSKP2 3
NSKP3 4
NSKPL4 5
NSKP5 6

7

8-

NSKP6

NSKP?7 9-10

From this it can be seen that at least two cards are needed for a

new case.

Card Number 2

The variable MZD determines the modulation technique used:

1l - PPM
2 - PCM/PL
3 - Coherent

LEVAL indicates the alphabet level used and is entered only when
using PFPM,

PB is the bit error probability and is always entered.
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FBW is the filter bandwidth and is entered only when using PPM or
PCM/PL. Units are microns.

SNR is the Signal/Noise Ratic, and is needed for coherent modulation

WAVEE ewr W ot Eh ERE-RIR RO

(dimensionless).
PHI is the polarization error, and is used only for PCM/PL. Unit

is degrees.

Card Number

R is the range-distance from transmitter to receiver. Units are KM,

ET is the transmitter optics efficiency (dimensionless).

ER is the receiver optics efficiency (dimensionless).

AR is the area of the receiver aperture. Units are cm2.

ETA is the quantum efficiency (dimensionless).

All of the values on card 3 must be entered regardless of the
modulation type.

Card Number

This card specifies the value of the Transmitter beamwidth in
radians (THETAT) and whether it is to be automatically incremented for
different values. If the incrementing option is used, transmitter power
for each value of THETAT is calculated with no increase in the number of
cases required. Values INC may take the following meanings:

INC Meaning
0 Do for only one value of THETAT
1 Automatically increment logarith-

mically for THETAT between specified
limits (use values of 1 and 3)

2 Automatically increment at a fixed
interval between specified limits.

Theta T (start) is the starting value of the XMI'R beamwidth. For

INC = O it is the only value of Theta T considered. This field must always
have a value when this card is used.
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Theta T (stop) is the stopping value and is used only for INC = 1

or 2 options.

Increment is used only for INC = 2 and specifies the increment by

which Theta T is stepped.

Card Number

This card is similar to card 4 in that it allows the analv=t to
automatically increment an input parameter, the data rate in this case.
The INC option for this card is the same as for card 4 and the other
fields take on similar meanings.

Card Number 6

This card is similar to 4 and 5 also. This time the input value is

the receiver .

Card Number

Card 7 is similar to 4, 5, and 6, with the wavelength being entered.
Cards 4, 5, 6 and 7 may be incremented using any of the desired options
and are not interdependent. The sequence of incrementing allows all pos-
sible combinations of the four to be considered without redundancy. The
incrementing sequence these variables are stepped in uses a minimum of

calculations for each case.

Card Number 8

This card gives background noise information from which the total
background noise may be determined.

NPLAN is the number of planets in the background.

NSTAR is the number of stars in the background.

IFRAM indicates if a Fraunhofer line is used. An "O" indicates
it is not, while a 1 indicates that it is being used.

FRPCT is the fractional percent of the reflected radiation re-
maining when the line is considered. No value is entered in the field
if no Fraunhofer line is used.
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BICGN is background noise introduced into the system which is not
contributed directly by stars and planets. This input is particularly

useful in a laboratory environment where a known value of noise is intro-

duced.

Card Number

Card numbers 9 and 10 are used only if planets or stars are present,
respectively.

IBK represents the number of the planet in view. The planet numbers
are given below:

Planet No. Planet

Earth (experimental)
Moon (experimental)
Sky (experimental)
Mercury

Venus

Mars

Jupiter

Saturn

Uranus

Neptune

Pluto

Earth (Grey-body)
Moon (Grey-body)

Gsﬁgom\vm\nbwwk‘

The radiation from all planets other than Earth and Moon are grey-
body curves.

ILLUM is a flag which indicates whether the area viewed of the
planet is illuminated. An "O" indicates that it is not illuminated.
A "1" indicates that it is totally illuminated. A number < 100 indicates
the percent of the area illuminated. This value differs from the phase
in that the area of the planet viewed may be smaller than the entire
planet (due to receiver beamwidth) and therefore the area viewed may
be entirely dark even though a part of the planet facing the MDSV is
illuminated. This option allows the analyst to specify whether the area
seen is in the illuminated portion of the planet, not in it, or partially
in each.
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DIST is the distance in KM to the planet in view.

PHASE is the phase of the planet in degrees. IPCNT is the percent
of the area seen not containing the planet. This allows neither the

seif-emission or albedo to be considered for this area.

Any number of planets may be considered for background, although
a separate data card must be included for each.

Card Number 10

This card contains information relating to stars in the background.

Any number ¢f stars may be considered, with a separate data card for each.
VM is the visual magnitude of the star.

TEMPZ is the effective temperature of the star in degrees Kelvin.

E. Results for Cases of Interest

This part of Section V contains results of computer runs made for
cases of interest in the prediction of laser communication performance
at two (100 and 50) percentage modulations for PL modulation, for PPM
modulation with an alphabet level of 3, and for a coherent laser communi-
cation system. Parts E.l, E. 2, and E.3 shows results for severl cases
of interest in deep space laser communications, Part E., shows results
of the study of requirements for range tracking with a 100% modulated
PCM?PL system. System characteristics for each basic test are presented
first. Although not mentioned in parts C and D of this report, the quan-
tity "Percent Modulation" printed as part of the output listing is act-
ually the polarization error "45 Percent Modulation" = 45° Polarization
Error). A method for converting from Polarization Error to actual per-
cent modulation is given in Section IV, F. 7 of this report.

After system characteristics and results are presented for a given
condition, the program increments to different optical wavelengths. The
results for these other wavelengths, with all other system parameters
constant, are presented under the titles "After Incrementing".
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A1l calculations have been made for an error rate of 10-3 » because
this is a reasonable one for actual measurement of a system performance.

E.l PPM Modulation. Alphabet Level of 3

E.2 50% Modulation, PCM/PL

The printout saying "45% Modulation" means a 45° polarization error,

orm = L5,

E.3 Coherent Modulation

E.4 Requirements for Range Tracking on a Polarized Light Modulated
Laser Signal (100% Modulation

Results presented here were generated to determine the optical trans-

mitter power required by the ranging system described in Part VI of this
report. These results are also applicable to predicting laser commnication
performance for 100% modulation,

F. Program Limitations

The only known limitations to this program for computing laser power
requirements have been set by our inability to model certain laser commmni-
cation phenomena and by the storage limitations inherent in a UNIVAC 1108

computer,

Those major effects for which we have not been able to form mathe-
matical models are as follows:

1) The effects of the Earth's atmosphere on any type of laser
commmnication.

2) The effects of spatially non-coherent received signals on the

performance of a coherent laser communication system.

3) The effects of doppler, and doppler rates on the performance of
laser communication systems. As was shown in the Final Reportl on NAS 9-
3650, these effects are negligible in PL and PPM systems. However, they

have an important effect on the performance of a coherent system.
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The only limitation on the use of this Power Model program is set
by the storage capability of the UNIVAC 1108. This has no effect on the
use of the model for PL and coherent laser comg‘nmication systems. In the
case of PPM, alphabet levels greater than 8 (2° information position/frame)
will frequently cause the computer to overflow when performing subroutine
BICCEF. There are ways of preventing this overflow, but it is felt that
in any practical PPM laser communication system this will never be more

than 2/ information positions/frame.
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Section VI

RANGING SYSTEM FOR USE WITH HIGH DATA RATE IASER COMMUNICATOR

A. Statement of the Task

The purpose of this task was to formulate a ranging system for use
with a deep space laser communicator. The ranging system Qas to be
applicable to PQi/PL, PPM, and coherent laser communicator, and was to
use the received signal as the ranging signal. The spacecraft receiver/
transmitter design for each type of modulation was to be considered.
The effects of doppler, frequency drift, and other influncing factors
were to be considered. Range and range rate accuracies were to be
determined. Finally, the recommended ranging techniques were to be
compared with those DSIF/spacecraft précedures aﬁd equipments used on
past and future deep space and lunar missions.
B. Data Format Considerations

The following types of ranging systems were investigated for their
applicability to this problem:

1. A laser radar.

2. An analog subcarrier ranging system.

3. Various digital ranging systems.

It was decided that laser radar systems did not appear‘to have the
range capability necessary for tracking a deep space probe at ranges
of 100 million nautical miles. Analog subcarrier ranging systems were
also discarded, beacuse they are not compatible with the constraints
imposed on a laser communication system by the requirement for high data
rate digital communications. There was no way of supplying the necessary

ranging tones on the same channel as that used for digital laser com~

munications.
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The only promising ranging gystems used digital range coding, as are
now used for deep space radio ranging on space vehicles. Unfortunately,
existing digital range trackers use a separate carrier for the spaceborne
repeater in the tracking loop. Since the proposed laser communication
system has only one transmitter carrier frequency, these existing techniques
were not directly applicable to the problem. The range code had to be
fitted into the existing digital format, as proposed in the Final Reportl
on HUD-38120.

At first, consideration was given to placing the ranging code, along
with the voice data and telemetry in the television flyback time. An
analysis of this showed that the probability of falsely recognizing a
portion of the video data as the range code was excessively large, due to
the short range code that could be fitted into the flyback time. This
short range code also led to undesirable ambiguities in range.

Next, consideration was given to using a long range code, with only a
portion of the code transmitted during the flyback time for each line. It
was proposed that the code could be reconstructed from these samples at a
ground receiver. Analysis of the system showed that reconstruction of the
range code could be done, but it would require excessive amounts of space-
borne electronics to note the time of arrival of the code, and retransmit
this information along with the range code itself to an Earth based receiver.

As a consequence, a novel ranging and information carrying system was
developed. Although it requires modification o the Earth based transmitter
to allow transmission to the spacecraft at 50 megabits/second, it requires

a minimum of svacecraft modification. This system, its operation, and its
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expected performance are discussed in the rest of this Section. 1t is
completely compatible with the data format recommended for transmission
from the deep space vehicle to Earth.

It was found that doppler and doppler rate have almost no effect on the
tracking performance. At its worst, the doppler causes a 1 part in 105
change in the baseband bit length. This is an insignificant error, and has
not been compensated. If necessary, comrensation of this error could be

incorporated in the ranging system.

C. Digital Range Tracking Techniques

The use of pseudo-random sequences for range tracking and range
determination is by no means new., As early as 1958 coded waveforms were
used by the Millstone Hill Radar for measuring the distance to Venus.
Since that time numerous "space shots" have used pseudo-random sequences
for determining range and tracking. The development of Macquirable codes"
was,to a certain extent,responsible fer the wide acceptance of this tech-
nique for space applications, due to the much improved acquisition times
of these type codes over the "maximal length®" linear type codes.

The factors influencing the selection of a digital type ranging system
are:

(1) The ease with which very long waveform periods can be realized,
thereby eliminating range ambiguity problems.

(2) The ease with which the digital ranging code can be acquired if
the code is properly constructed.

(3) The requirement for digital data transmission from the space-

craft over the laser system.
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(4) The fact that no separate carrier or subcarrier is available
from the proposed laser system solely for ranging purposes.

(5) The fact that laser radar ranging with retro-reflectors is not,

(6) The reguirement of the contract for ranging on the communication

signal.

Considering these factors, it is felt that a digital ranging system in
which a spacecraft transponder is used to enhance the returned pseudo-
random transmitted sequence offers the most practical way of accomplishing
laser ranging. The transponder will improve the signal-to-noise ratio of
the coded sequence to a usable level, and also provide capability for
changing the up or down link frequencies.

An acquirable code is a pseudo-random sequence which is generated by
combining codes of a given period in a non-linear (logic) manner. Very
long sequence periods may be obtained with desirable auto correlation
properties, which allow the total code to be acquired in steps (i.e., by
alignment of the individual components of the code). Each time a code
component of the overall code is properly aligned with the incoming sequence,
the correlation is improved. Another code component of the overall code
may then be aligned, until the total code is finally "acquiredr. By main-
taining bit synchronization of the doppler shifted incoming sequence, the
~ codes may be kept in alignment, (i.e., normalized correlation equal 1). A
measuremant on the time displacement between the aligned codes mr ovides a

value proportional to the range of the space craft.
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1. Required Additional Periodicity in a Sequence for Ranging

The requirement for very long pseudo-random sequence periods is
due to the ambiguity in range which arises when the transmitted signal period
is less than twice the return period. To remove the ambiguity problem, it
is necessary to have periodic sequence with many digits. Sequences have
been developed which have period lengths suitable for ranging measurement
of distances to the limits of our solar system. The ranging code developed
for the deep space optical communication ranging system has a period length
of 68, 363, 477, 4LLE digits. Since the maximum range to be measured by this

6

system is 100 x 10~ miles, at 50 the 18 minute round trip time would

MB_
SEC ?
require a period length greater than 54 x lO9 digits. A period length of

68 x 109 will therefore be satisfactory. The equipment for generation of

this code is described in Part E.

Assuming the ranging code to be properly aligned,the resolution of

)
the system is approximately 20 feet at the 50 M BIT rate. The accuracy

of the overall system is, however, not so good. Assuming the velocity of

light is known to 1 part in lOZ over a path of 100 x lO6

miles or approximately
18 minutes round trip time, the time uncertainty is (1 x 10_7)(1080 sec) =
+1.08 x 107 sec. This corresponds to a distance uncertainty of

(1.08 x 107Ysec) (186000 miles) = + 20 miles.
SecC



2., Maximal Length Code Sequence Generators

A maximal length pseudo-random sequence is defined as a binary
sequence of length 2“—1, where in each period the number of 1l's differs

from the number of O's by atmost !

-l Yae Ll ]

In the subsequences within the period one-half the subsequences of
each kind are of length 1; one-quarter of each kind are of length 2; one-
eighth of each kind are of length 3; etc., and if the sequence is compared
with a cyclic shift of itself, the number of agreements differs from the
number of disagreements by at most 1.

The number (Ns) of maximal length sequences possible for a given
n stage linear shift register may be determined from the following relation-

ship:
v = $(221)

n
where @ (2-1) = @ (k) = Ewler's @ function which may be calculated
from:
(For k Prime)
P (k) = k-1

(For k containing factors)
@ (k) =k x -”'(Pi'l)
Py

Where P; are the prime factors of k

Pany)
n

This means that for a given maximal length there are
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arrangements which can be used to generate the maximal length period defined

by n. All of these sequences will lmve the same basic properties specified

previously.
Example:
n =10
2"-1 = 1023
therefore k = 1023 = 3elle31

n = $(1023)

n

-1 11-1 1-
¢ (o233 w0230 () (HF) AL

. (1023)(2)(10)(30)
s = (10)(3)(11)(31)

In many applications maximal length pseudo-random sequence are not used but
some modification to a maximal length code. One reason for using a
modification of a maximal length sequence is in the desirable autocorrelation

properties of the acquirable codes.



3. Autc Correlation Properties and Advantages of Non-linear
Ranging Codes

The advantages of using non-linear random codes rather than linear

or ranging purposes is guickly appreciatad

£ et mords
H b e ke -veucs

when the auto correlation properties of the two types of codes are com-
pared. The normalized auto correlation function of a typical pseudo-
random binary sequence of length P is shown in Figure VI-1.

The cross-correlation function of two relatively prime binary
sequences is everywhere very small,therefore said to be uncorrelated.
If the periods of the sequences are not relatively prime to cne another,
relatively minor peaks will start showing up in the cross correlation
function. The same phenomenon can be observed in sequences which are
made up of component codes of smaller lengths. The normalized correla-

tion, P, may bte determined from:

= number of agreements - number of disagreements
number of agreements + number of disagreements

When the overall code is made up of sequences of smaller length, a number
of situations arise corresponding to which subsequences happened to be in
or out of alignment. The effects on the normalized correlation coeficient
of a code made up of subsequences and the manner in which these subsequences
are combined can be illustrated by considering the following example. Con-
sider code X and code Y and the phase shifted versions code Xl and code Yl.
Code X has a period of 11 and code Y has a period of 31, as shown in Fig.
VI-2.

A method of generating code Y is shown in Figure VI-3.

The auto correlation function of code X is shown in Figure VI-4.
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FIGURE VI-l, Autocorrelation Function of Ranging Code
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The period of overall code is 11 x 31 = 341 bits. The value of the
correlation function for the cases when the overall sequence is in phase,
the correlation when X is in phase, the correlation when Y is in phase,

and the correlation when neither X and Y is in phase can be determined from

the Probabilistic Karnaugh Naps as shown in Figure VI-5 and VI-6.



A®B = AB+AB

Let A=X.Y B = XY!
iy e _X.Y' = AX® :"Y! -+ -}-{Tf_XY;
= XY X+71') + (X +7Y) Xy
= XXY + XYT' + XXY' + XY¥!
= XYY + XY1!
Yv! " P(YYY)
X P(X)  7/31 8/31 8/31 8/31
00 01 11 10 . 00 1 {1 {o |
4 | Vo 28 32 32 32
1 1 1 11361 341 31 3,
7,49 56 56 56
381 341 341 34
=1-31 =3 ~28+3(32) + 49 + 56 _ 229
Pl- P2—l.|. 31 =341 P(0) = 2l 229
=2(56) _ L2
P(L) 311

FIGURE IV-5., CORRELATION WHEN X IN PHASE, Y OUT OF PHASE
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Determination of the correlation coefficient when neither X or Y is
in phase is shown below:

Let A = XY
B = Xyt
XY @ X'V = XX'Y + XYY + XX'Y' 4+ X'Yy!
' \F(YY')

xx ¥¥ P ™ 931 8/31 8/31 8/31
. 00 01 1 10’ ~,00 01 1 10
00 | f } : !

; : l
al 11 L 2/
o, 1) 1 : 16 16
mi | T 2/1 o1 301 3.1
Y 49
5/ 1, 3 341
| | 16 16
2/ 10 341 341

P(1) = 2(16) + 2(40) + 2(16) _ 14k
341 341

341 38
= 197-144 _ 53 _
P 31 T3 = 1565

FIGURE VI-6. Calculation of Correlation When Neither
Code X or Code Y are in Phase.
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Not all combination sequences have autocorrelation functions with
sub-peaks at multiples of the component sequence lengths. This can be
iliustrated by considering the linear logical combination of component
codes X and Y.

The effect of using linear combining of sequences is shown in
Figure VI-7. For this situation both components Xl and Yl must be in
phase with X and Y, respectively, for the correlation to be other than
a very small value. For example, if the phases of Xl and X are equal,
the normalized correlation is still a very small value. This is an
undesirable condition since the time required to "acquire® the code
can be greatly reduced by acquiring components of the code. This
requires a significant correlation "jump" in the correlation as each
component of the overall code is brought into proper phase.

The computation of the correlation value for various phase
alignments can be simplified if the assumption if made that the sub-
sequences have equally as many ones and zeros. This leads to the
approximation that for an out-of-phase code component, the four sit-
uations 00, 01, 10 and 11 occur equally after. With this approximation
all the entries on the Karnaugh Map are equal and only the number of

1's and O's need be counted to determine the correlation.

D. Range Tracking System Proposed for laser Communication System

1. Description of the System Block Diagram

The ranging system which has been designed for the laser deep
space communication system is shown in Figure VI-8. Operation of the

system is as follows: The non-linear code generator KS1 is clocked
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X@QYOX @Y

(XY + X)) @ (x'7' +X'y)

(XY + XO)* (X5 'y") + (XYY » (xy'4x'y)
(xTXY)-[(xF) Gy «[6D T - (x5 5y )
(x¥+0) [(%+3) (x4F)] +[(F0) (T]o(x 151450y )

(XY+XY) [J‘c'x'+3c"y'+i"§'+y'§g +Q’E¢¢ﬁ+XY+ (x'yr4xty')

XYX 'y 4X¥x 'y XY 'Y 'ECYx'ywﬁx'Sr";ﬁi'y L+XYX Y HXYX 'y
XX VY 14X Yy KR YT X% Yy XK 15 14X Yy XK YT X Yy

P(Yy")
P(Xx') 4/31 8/31 8/31 8/31 Phase x' # Phase Y
3/15 4/15 4/15 L /15
00 01 11 10 Phase y'! # Phase Y
2/11 00 16 L6
/7 /3{1 241
Yy!
2/112/7 01 14 1K
341 41 Xx'\_00 01 11 10
L0 0 m ‘
5/11 2/7 1l 41 41 00 1 1 7»__4:13;5\_
. ] I~
2/112/7 10 14/ 16 o1 1 1 P(1)~1/72 |
/34 341 p(o)=1/2 K1/ .
11 1 1 | Pe8-8~0 (<4
16
10| 1 1 P=4d =0
B
; o P =44 =0
IF: :}) (XY="r (X') Delete Rows 2 & 4 B

9 (Y\:?’(Y') Delete Columns 2 & 4

++. No peaks @ multiples of the periods of the component sequence
lengths

FIGURF VI-7 SUBPEAK CALCULATION
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MC
by &, {50 SEC ) and modulates the laser carrier freguency. The trans-

mitted signal plus up link noise is received in the spacecraft receiver
at rate 9> due to doppler shift. For non-coherent reception 'the laser
receiver can be considered as a bandpass limiter, its output being +1
or -1, with the carrier frequency removed. A coherent laser receiver is not
felt feasible at this time.

The pseudo-random sequence from the laser receiver 2'6, is sent
to phase locked loop and the correlator. Since the code has as one
code component the clock, no difficulties are encountered as the incoming
code sequence slides past the locally generated code. In effect, the
inner loop is free to lock up fairly quickly. It can slip any number of
bits while aligning the remaining components of the code. This procedure
has a number of advantages over other techngiues. First there is a
basic clock component in the received code on which the inner loop can
be locked, and secondly, there are no quasi-stable nulls on which the
loop could mistakenly lock, as are present in some other methods. As
indicated in Figure VI-8, Mode 1 is when the ranging code is being trans-
mitted and received, and Mode 2 is when T. V. Data is being transmitted
from the spacecraft after the range codes have been aligned and range
measurements obtained. With a clock compoment in the incoming sequence
the standard early gaie - late gate technique could be used to establish
"Bit Iock". Since the proposed ranging system is to also handle down-
link T.V. Date, this information will also need clock component. How-
ever, since KS1 in the spacecraft is keying the T.V. Data, a clock com-

ponent will be present in the T.V, Data stream and can be bit locked by
VI-19



the ground station early-gate - lats-gale arrangement. In eifect,
secure T.V. Data is provided by the KS1 keying. In Mode 1 the codes
28, and Z0, are correlated. When the codes are aligned, a code word
. 18 decoded from the two KS1 ground station code generators which start
two counters, one counting 01’the up-link clock,a.nd the other 6_, the
received clock rate. Any time after the counters have been started
the difference in count is proportional to the range and the rate at
which the difference in count is changing is proportional to the range
rate. The code words for starting the counters should be such that no
ambiguities are generated in the starting times of the two counters.

If bit synchronization is for some reason lost while operating
in mode two, the code must be acquired agaiﬁ by the ground station receiving
pseudo-random generator. In Mode 2, the T.V. information is being clocked
by the spacecraft clock and, for the keying code to be preperly removed
from the T.V. Data, ground terminal tracking of the code is essential.

Jhen bit sync is lost while in Mode 2, the T.V. Data transmission
is stopped and the ground station receiving pseudo-random generator is
aligned code component by code component until it is in-phase with the
spacecraft code, T.V. Data transmission may then be resumed. Notice that
the spacecraft code generator need not be realigned with the transmitted
code sequence unless additional range measurements are needed.
2. Phase locked loop Requirements

a, Desirable loop Characteristics
Since the bandwidth requirement of the phase locked loops is

primarily determined by the doppler frequency shift, a loop bandwidth of
ke

¥B
v (at 50 SEC™) should be sufficient. The reference

approximately 4
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signal from the photomultiplier tube in the receivers, to the phase-
locked loop is identical to that which would be obtained from a band-
pass limiter. It has been theoretically and experimentally shown that
a phase locked-loop preceded by a bandpass limiter approximates, over a
wide range of input signals and noise levels, the optimum obtainable per-
formance. The inner loops should correspond to a Type 2 continucus con-
trol system (i.e., two integrations) with sufficient loop gain and lead
compensation to insure satisfactory transient response. A typical linear
approximation of the asympotic frequency characteristic of a continuous
inner locp is shown in Figure VI-10.

Circled intersections of the real axis frequency plot with the
unity gain line are the closed loop roots (poles). As can be seen from
this typical plot, of this gain the loop would have four real roots. As
the gain is raised (lowered on the plot) the closed loop roots are shifted
as shown with a breakaway point (i.e., a complex root) occurring as indicated.
The same phenomenon would occur at a different location if the gain were
lowered. It is essential therefore that the phase locked loops be care-
fully designed to insure satisfactory system performance. A treatment of
the non-linear analysis of phase locked loops is given in "Functional
Techniques for the Analysis of the Non-linear Behaviour cf Phased-Locked Loops®
by H. L. Van Trees.éo

Lead compensation, which has the advantages of improving the transient
response with small network components and the disadvantages of additional
amplification with increased high frequency components of the noise,
should be satisfactory due to the high signal-to-noise ratio from the
photomultiplier tube in the receiver.
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b. Code Synchronization

The outer loop which supplies the local reference pseudo-random
code must be aligned, code component by code component, with the incom-
ing signal while bit locked by the inner loop but not phase locked over
the period of the total code. FPhase shifting the individual components
of the codes is then accomplished with the aid of the correlator which
controls the shifting.

3. Predicted Ranging Performance
An estimate of the time required to acquire the ranging code developed
for the laser communications system assuming optimum detection in the

laser receiver can be obtained as follows:

Let
T = Time for receiving one bit of information
(one information bit)
L = Code length
p = Code correlation
k = Boltzmann's constant
t = Temperature (K )
% = Time required to acquire code
q'
S = Signal power (watts)
X = Signal to noise energy ratio
Then log L -T-L where if
T =_2 ST = R

2 (N/B)

P
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n '.-l‘

'R [t
: %932 Ll "Ly
Total Acquisition Time TT = 2 ¢ ,?‘F ) (v-1)

2z}

Example - Ranging Code Acquisition Time from equation 1-1:
T (see) = (1) (10g,L) (kt) (X)
s P?

(Using Fig. VI-11)

Assumed:
L =31

t = 300° K
s = 100127 yatts = 87 dbm

P=3/8
Desired error probability = 1073
¥ Digit Duration = 21(10-'8 = 17 db increase over 1 usec

for same error rate

T = (31) (4.96) (1.37 x 10723) (300)(3 + 17)° (64)

(10727 (9)

'L'=‘9x10-'5'3

T = 4.5 x 10'5 sec

.*, Using 4.5 x 107° 3 _ |
-8 = 2,26 x 10 digits to acquire code component 4 (L = 31)

2x 10 with above assumptions

% Since the curves in Figure VI-11 are based on a digit period of 1 us
(or 1 MB/sec) for 50 MB/sec we must ADD 17db to the abscissa coordinates
which means 17 db more signal energy per information bit is required:

(=10 logy 1x ig'é 10 log,, (50) = 17)
X
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A worse case estimate assuming a signal level of -100 dbm for

acquiring the total code is given below:

| -5
L (Qog,L)  y(ab) T(sec) TQTAL TIMF /CODE COMPONENLTT(sec_ x 107°)
11 3.46 23.0  94.5x107°  3.46 x 94.5x107° x 11x 9=25.6

31 4.96 20.,  83.8x10°  4.96 x 83.8x10°° x 3]Jr63~=91.8
79 6.31 19.7 8L x10°8 6.31 x 81x10°  x 79x8h288
97 6.6 19.7 81 x10°° 6.6 x 81x10°8 «x 97x%‘=369
103 6.69 19.6  80.6 x 1008 6.69 x 80.6x10°0 xloax%ea%
127 6.9 19.5  80.1x108  6.99 x 80.1x10~8 x127x%=506
TroraL = 1.67x10 (sec)
_ kt . _ o
T = ~s X Assuming: t = 300°K ~13
s = 200 dbm = 10" Byatts

Error Probability = 1073

1.37x10°235300 X = 1.37x10"°x3 X
10783

T = 411x10°%x

TTOI‘AL = total acquisition time for entire code using above assumption.
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L. Communications Aspects of the System
Once the total ranging code has been acquired both in the space-

craft and the ground station and the range determined, the pseudo-random
code generator of the spacecraft receiver may be used to key the T. V.
Data over the spacecraft transmitter. A "secured" communications channel
is therefore provided by the ranging system. The coded T. V. information
is decoded at the ground station terminal, using as a reference the ground
station receiver pseudo-random code generator, as mentioned previously.
The method is entirely dependent on the ability of the ground teiminal to
track the incoming clock 03. This clock rate can be traced back to the
ground station clock and includes the up-going doppler shift as well as
the down link doppler shift. The net effect of the total doppler shift

is then the sum of these two frequency shifts. The quality of the T. V.
picture should not be adversely affected by the frequency shifts, since
the T. V. data is digitized information, and will depend on the quantization

levels when digitizing the information.

E.Imrlementation of Proposed System

1. Design of Sequence Generators With Specified Periods

The logical design of the component code generators is shown in

Figures VI-12 through VI-19. In general, there are a number of ways to
construct pseudo-random sequence generators with specified periods. For
example, maximal length sequence generators, modified by the detection of
certain code words to change the feedback sequence, thus changing the basic
cyclic period, can be used. This method has successfully been used by JPL
on the Mariner and Voyager Space Shot and it is the method used in this

ranging system. Another technique is to construct a maximal seguence

VI-28



X Generator (Period = 11)
(Not shown with phase shift capability)

e
—— 4 —y et
;N —1—1 —-‘J
J
[ oWmiTys ENRRE
A Generator (Period = 31)
FIGURE VI-12

VI-29



CD

M

000m00mmomona (o Y

00100110101111001101011110
01001101011110011010111100
10011010111100110101111001

000000000000001000000m00.01

TRUTH TABLE FOR X GENERATOR

FIGURE VI-13

VI-30



SHIFT 7/‘\5 EMARLE

B Generator (Period = 79)

FIGURE VI-14

VI-31




ST~IA TUNDIA

(L6 = POTI8]) J03BIBUSY) )

[ &

\/

316YN3 O LaHs

VI-32



" e ot = & e 2

9T-IA TUNDIA

(£0T = poTuad) Jojeasuay

>
FRISUITE B & JUERTES

VI-33



LT-IA TUNDIA
(L2T = potasg) aojeasuen j

21 I m% LAHS

VI-34



n
A

> o >
| | |
TT

o>

o m®

LSO

-\

B £ ()
° ]

. 7
B— ,
E__.>—‘ } / CclL
c 1 | f
D— ;
C ———
E — LOGIC |

Code = X:CL+ X (rL® F)

D —
E—.

Where F = AB+ AC + AD + AE+ BC + RD + BE + CD + CE + DE

&+ .

oo

Logical "AND" Function
Logical "OR" Function
Exclusive "OR" Function

FIGURE VI-18

VI-35

D




Skirr @ X

SHIFT P A

SHIFT ¢ B

SHiEr @ C

SKiEr P D

SHieT P E

B
LOGIC cooe”
}
C
D CL
]
4
E
CoDF LENGTH
cL 2
X /1
B 79
c ?7
V- 103
& 127

FIGURE VI-19, KS1




Generator and simply count the desired number of digits, then reset the
generator to its starting state. This technique has the ob¥vious disad-
vantage of requiring excessive amounts of hardware. 8till a third method
is to use the ratio of relatively prime polynomials in a delay operator
for specified periods. Unfortionally, not all period lengths can be
realized by this method.

As shown in Figures Vi-12  through Vi-19 lthe indicated shift
register connections will provide the corresponding cyclic period sequence
lengths. To illustrate the operation,consider the X generator which is
to provide a pseudo-random sequence with period 11. The truth table for
this generator is shown in Figure VI-13. . The generator continually
shifts O's until a 1 is placed in the A flip flop. The generator will
initially go through 1 states until the state 00ll is present. When
this state shows up it is detected and used to set the modifying flip
flop M to the 1 state. The modifying flip flop causes the next state
of the generator to B 1001. This becomes the starting state for the
cyclic 11 digit period. Notice that in the 11 digit cyclic period there
are 7 1&s and 4 O's. Also notice that the states 1110, 1111, and 0111
are present in the cyclic 11 bit code. By decoding the 1110 state the
next state of the generator may be made to be 0111 rather than 11l1l.

One state in the cyclic sequence has been elimhnated there by shifting
the phase of the code 1 bit. If the states 1110, 1111, and Olll were
‘not used for phase shifting, the shifting would be on a probablistic

basis, sinee it would not be known with certainty that a phase shift of
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1 bit had been made. This could also adversely effect the period of
component code being generated.

The method by which the indicated codesz are combined is shown in
Fig.VI-18. This follows a standard method for realizing non-linear codes
described by Esterlinghh (pp 95). This non-linear combining of the individual
code componénts will result in a code sequence of period 68363477446 bits
with each code component of the total code having the capability of being
shifted in phase.

The KS1 code generator with its code components and phase shifting

controls is shown in Figure VI-19.

2. Compatability with Bxisting Deep Space Instrumentation Facility
54, 55, 56

A review of a number of reports of the estimated capability
of the Deep Space Instrumentation Facility for the APOLLO program indicate
that Digitalized T.V. is not anticipated through 1970. For periods later
than 1970 the use of Digitized T.V.}although not specifically mentioned,
should offer very interesting possibilities for Deep/Space Missions.
Reference 55 states (pp 13) that "television is restricted to the FN
channel only." The proposed digitized T.V. data link should not
offer any conflicting compatability requirements with existing or planned
equipment designs of the Deep Space instrumentation facility; it is simply
another way of obtaining a real goal.

The ranging system technique for the laser communications system
is quite similar to that used by the DSIF. The code is realized in a

similar manner but component lengths are different.
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It should be noted that a similar ranging systems was proposed
and analyzed by R. B. Ward in the January 1967 Proceeding of the 1EEE

Professional Group of Communication Technology.61

kr. Ward's article
contains results of laboratory testing of such a delay lock tracking
systems when it is used for communications. The basic difference between
his system, and the one presented here, is the number of ranging bits

per information bit.
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June 1, 1967

Errata for Final Report
NAS 9-3650

The following equations in Section IV of this report did not
print legibly. They should read as follows:
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